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Abstract 
Zeolites, as promising raw materials for making glass, have been studied for many 
years. Their framework structures provide them with properties different from other 
mineral materials, such as low density, water absorption capacity and ion exchange 
property. Building from subunit cages, zeolites have a huge family with different 
properties and topologies. Sodium zeolite Y can be mass-produced and is easy to 
obtain which is therefore the studied material in this thesis. Although some researches 
have been done on glass formation from zeolites, many aspects in the amorphization 
process including thermodynamics, structural changes, dynamical changes need more 
study. Further more, study on glass formation from ion exchanged zeolite glass is now 
a new research topic. 
 
In this thesis, ex situ temperature induced amorphization of sodium zeolite Y 
(Na58Al58Si134O384·212H2O) has been studied. Multiple techniques were used to 
investigate different properties of it. Differential scanning calorimetry (DSC) was 
conducted to study the thermal properties of Na zeolite Y, finding that the structural 
collapse happens over a large temperature range covering 200K, in which the speed of 
collapse accelerates with higher temperature. Therefore, three target temperatures were 
chosen in this range to amorphize Na zeolite Y using different lengths of heating time 
to obtain samples with different degree of amorphization. These amorphous samples 
are then studied by X-ray powder diffraction (XRPD) and High resolution X-ray 
powder diffraction (HR-XRPD) to detect their structural changes during collapse. The 
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data were analyzed by Rietveld Methods (TOPAS software), finding that the 
amorphization shrinks the cage topology, and makes the charge-compensating Na ion 
move to sodalite cages and double 6-fold rings (D6R), which are smaller than the super 
cages. Raman spectroscopy was also used to study the dynamics of Na zeolite Y and 
its amorphization. The band of 4-fold and 6-fold rings which make up the cages can be 
clearly seen in the Raman spectra of crystalline zeolite Y, along with a small stretching 
mode peak feature. When amorphization take place, the peaks for 4- and 6-fold rings 
will first decrease then grow again suggesting the disappearance and regrowth of the 
rings. Some new rings like 5-fold rings appear after collapse similar to other dense 
alumina silicate glasses. Inelastic neutron scattering (INS) was also used to detect the 
dynamic properties of the Na zeolite Y, suggesting that the cage structure shrinks with 
amorphization. 
 
Ion exchange can make a lot of changes to the properties of the Na zeolite Y before 
and after amorphization, therefore, Cu and Nd exchanged zeolite Y are also studied in 
this thesis. Studied by DSC, the ion exchanged zeolite Y shows higher collapse 
temperature and faster collapse within amorphization range. This can be caused by the 
higher field strength and different cation occupancy of the ion exchanged species. 
Samples with different degrees of amorphization were studied by XRPD and 
HR-XRPD similar to Na zeolite Y, finding that the exchanged ion shrinks the unit cell 
in proportion to their higher field strength and smaller ionic sizes in the order 
Na-Nd-Cu. However, the movement of the cation caused by the heat treatment during 
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amorphization makes different influence on the Nd and Cu exchanged zeolite. The unit 
cell size of amorphous Cu zeolite Y becomes larger than crystalline Cu zeolite Y, but 
still smaller than the crystalline Na zeolite Y. This is due to high field strength of the 
Cu2+ cation and movement of the cations from supercage to sodalite cage. The change 
of the amorphous Nd zeolite Y is similar to that occurring in Na zeolite Y.  Raman 
spectroscopy for Cu zeolite Y showed quite different features to Na zeolite Y and Nd 
zeolite Ythe latter two being similar to one another. In Cu zeolite Y the 4-fold and 
6-fold peaks diminish in intensity slightly and then grow, when new features like 
5-fold rings appearing. The band for 6-fold rings dominates the features of 4- and 
5-fold rings, indicating a change in topology for Cu exchanged zeolite Y.  
 
This thesis includes suggestions for further work to confirm the findings. Taken 
together, these findings contribute to the expanding literature of zeolite amorphization 
and may find commercialization applications. 
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1. Introduction 
Although glass formation has been studied for many years [1-3], there are still many 
aspects for researchers to discover. Zeolites as starting materials to form glass have 
some very unique properties [4]. For example, they have a nano-porous framework 
structure, unusual crystalline structures and are easily ion exchanged [5, 6]. These 
properties make zeolites useful in many areas. Zeolite Y is one kind of zeolite which 
is widely used in industry [7], so it is always a convenient raw material in 
experiments forming zeolite glass [8, 9]. This has been frequently studied, however 
study is required if the different processes involved are to be understood. This chapter 
offers a background for the present study and includes description of the crystalline 
state, glassy state, zeolite Y and ion exchange and amorphization that transforms 
crystals into glasses. 
 
In this chapter, therefore two states of solid will be presented in detail – crystal and 
glass. These states describe the beginning and end of the glass formation process. As 
a part of this work, zeolite Y is a principal theme and the starting material for these 
studies. In the crystalline section, the common properties of symmetries are discussed 
leading to the particular properties of zeolites. The various ways to form glass and 
amorphous materials are then explained. Finally, the chapter focuses on explaining 
how the amorphous state can be reached if melting and quenching is not available 
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1.1. Crystal 
Crystals are a kind of solid whose ionsatoms or molecules are arranged periodically 
and orderly [10]. These always form regular geometrical shapes. In this structure the 
energy of bonds between constituents is the lowest, so crystal is usually the most 
stable solid type. Crystals have been recognized by people for thousands of years, 
however there are mysteries in crystals still needing to be discovered. The study of 
crystals is known as crystallography. Crystals are everywhere in everyone’s daily life, 
for instance, salt, sugar, and drugs. Diamond is a typical example of a crystal familiar 
to scientists. It is composed only of carbon atoms, connected by covalent bonding to 
form face-center cubic structure (Fig. 1.1). This structure makes diamond one of the 
hardest materials on the earth.      
       
Fig.1.1 Image of diamond and its crystalline structure [11] 
 
A lattice system is commonly used to identify the crystal structure, which is built 
according to specific unit cells referred to an axial system. This is called Bravais 
lattices and was first introduced by Auguste Bravais in 1850 [12]. All crystalline 
solids may be classed as one of the 7 types of unit cells which are described as 
5mm 
 
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triclinic, monoclinic, orthorhombic, rhombohedral, tetragonal, hexagonal and cubic 
(Fig. 1.2). A Unit cell can also be divided into three distinct cases depending on 
whether the additional point is at the centre of the unit cell (body-centred), the centre 
of one face and, because of the translational periodicity, its opposite (side-centred) or 
the centre of all its faces (face-centred). They are classified by the three edge, unit cell 
or lattice parameters (a, b, c) and three interaxial angles (α, β, γ), which are indicated 
in Fig. 1.2. 
 
Fig.1.2 Seven types of Bravais unit cell with additional points [13] 
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In these lattice systems, 32 point groups compatible with the 7 types of crystal unit 
cell. Hermann-Mauguin symbols are used to describe these point groups. This 
symmetry system has five types of elements including center of inversion, rotation 
axis, mirror, rotation-inversion axis and screw axis. The parameters (a, b, c) and 
angles (α, β, γ) are from this system. To describe the structure of a crystal more 
specifically, space groups are used, which are a combination of translational 
symmetry and point symmetry. There are 230 space groups in 3-D crystal space. All 
of these combined together can draw the structure of a crystal very precisely.[14] 
 
Because of their periodic structurecrystals have many common featureslike: 
(i) Homogeneity; density and composition are the same everywhere in the crystal. 
(ii) Anisotropy; some properties may differ for different orientations for example 
electric resistance, heat transfer, birefringence etc.  
(iii) A clearly defined melting point, which means the transition to the molten state 
occurs over a narrow temperature range for a particular pressure. 
(iv) As the periodicity is typically a few Angstrom(10-10m), X-rays with a 
wavelength comparable to this can be diffracted by crystals to produce a 
pattern which can be analyzed to obtain structural information. [15, 16] 
 
1.1.1. Zeolites 
The unique physicochemical properties of zeolites make them a very special type of 
mineral[7]. They were originally named zeolites by Swedish mineralogist Axel 
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Fredrik Cronstedt in 1756 [17] from the Greek name “ζέω λίθος” , “ζέω (zéō)” for 
boiling and “λίθος (lithos)” for stone. This name refers to the fact that zeolites can lose 
huge amounts of water through boiling when heated. Zeolites can be produced both in 
nature and synthetically. 
 
One of the most important groups comprises aluminosilicates constructed from TO4 
tetrahedra, where T represents Al or Si. Zeolites are generally classified in terms of 
the second building units (SBUs), made up of cornersharing TO4 units. The basic 
SBUs are listed in Fig. 1.3. To form a regular zeolite structure, the tetrahedral T atom 
is located in the center of the units and the neighboring oxygen atoms bridge adjacent 
TO4 tetrahedra along the connecting line. These units combine together to form 
channels, layers, cages, bridges and cavities, creating a huge internal surface, 
typically thousands of square meters per gram. The combinations of the different 
kinds of SBUs make highly diverse frameworks, therefore leading to large zeolite 
families. Hundreds of zeolites have been discovered and synthesized, and many more 
predicted. 
 
Benefiting from each particular structure, zeolites have lots of unique properties 
different from other dense aluminosilicates, like the minerals nepheline, mallite, 
sodalite, although their general chemical compositions stay the same: 
 Mz+m/z [AlmSinO2(n+m)]·qH2O.  
Here M can represent one of a number of cations including Na+, Li+, K+, Cu2+, Zn2+… 
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The cation charge compensates for the AlO4- tetrahedral, donating m/z electrons, z 
being the cation valence, m the atomic fraction of aluminiums present, n the number 
of silicons present , 2(m+n) the number of oxygens and q is the number of water 
molecules associated. The charge compensating ions fill the framework of the zeolite 
to give the whole structure neutral charge, usually occupying SBUs adjacent to the 
aluminiums in the network. The number of water molecules occupying the cavities 
alters in amount but is usually one to two per tetrahedron. The water present in zeolite 
can be removed by heating, usually between 473-573K, hence the name “boiling 
stone” 
 
In general the zeolites can be classified by following rules: 
i. a framework structure consists of corner-sharing tetrahedral units 
ii. the architecture of channel and cage which usually range in size between 3 to 20 Å 
iii. water molecules present in cavities prior to dehydration 
iv. cation exchange properties, replacing M cations with other varieties. 
 
According to these rules some aluminophosphates built from AlO4 and PO4  
tetrahedra can also be called zeolites. In contrast to aluminosilicates, 
aluminophosphate structures are not charged, so in principle no additional cations are 
included in the structure. 
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Fig. 1.3 The basic units of zeolite structure [18] 
As mentioned, the open cage structures give zeolites some special properties. One 
most obvious property which differs from other minerals is the low density 1.5-1.6 
g·cm-3, compared with typical values of other minerals 2.2-2.6 g·cm-3 of the same 
basic compositions Mz+m/z [AlmSinO2(n+m)]·qH2O.  
 
The large internal surface areas in the cavities provide lots of possibilities in zeolite 
applications [7]. The most common capacity coming from this is gas and water 
absorption. The degree of water adoption varies with temperature, as high 
temperatures can desorb water from the cavities. When the temperature comes down 
zeolites can reabsorb water. This captivity is applied widely in the industry to get 
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water out or to desiccate materials containing water, i.e. as a drying agent. Care needs 
to be taken as fast removal of water from zeolites can sometimes destroy the channels 
and cages, for instance by removing the aluminium from the framework, in a process 
known as “dealumination”. Depending on the channel structure of the zeolite, gases 
of different molecular dimensions can be transported or separated. This can be called 
a “molecular sieve”. If the charge compensation cation is H+, zeolites can act as a 
solid acid [19]. These are used extensively in cracking hydrocarbons in oil refineries.  
 
Ion exchange is another unique property of zeolites, this also benefits from the large 
internal areas in the cavities and the variety of the possible charge compensating 
cations. The ion exchange of zeolites is unique because it happens under thermal and 
chemically mild conditions in contrast to high temperature and/or acidic conditions. 
Acidic conditions can destroy the zeolite structure. The ion exchange usually involves 
the cations in the structure but also can involve the framework-building units AlO4-. 
When cation exchange takes place, the new cations can cause major changes in the 
properties of the zeolites. For example, the stability of the structure can be improved 
by replacing Na+ by Nd3+ or Cu2+. The unique property of exchanged ion can be 
shown in the physiochemical features of the zeolite. For example, Nd exchanged 
zeolite Y is usually used in industrial production because it confers a stable 
physiochemical condition. Glasses made from Nd3+ exchanged zeolites have potential 
in laser applications, where the Nd is effective in population inversion. Turning to the 
ion exchange involving AlO4-, this kind of exchange is useful to obtain acid resistant 
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zeolites. This is because the stability of the zeolites under acidic conditions is 
increased for higher Si/Al ratios. The lack of Al in the zeolite structure can be called 
dealumination, which can become excessive when the dehydration is too fast causing 
the structure to collapse. The dealumination should therefore be minimized during 
zeolite dehydration by slow heating. When the Si/Al ratio reaches more than 10, this 
zeolite is called high silica zeolite, e.g. silicate. In some circumstances, all the Al in 
the structure can be exchanged by Si, which will decease the charge compensating 
cations in the cavities because the interaction with AlO4- in the cavities is no longer 
required. 
 
1.1.2. Zeolite Y 
Zeolite Y is the raw material of all these studies in this thesis. It has a Faujasite (FAU) 
type of structure, with the cubic Space group 227 (Fd-3m)[20]. The composition of 
the zeolite Y material used is Na58Al58Si134O384·212H2O. The structure of FAU is 
shown in Fig. 1.4. It is formed by 24 sodalite cages connected by double 6-membered 
rings (D6Rs) as shown in Fig. 1.4.  The lattice parameter or constant is between 
24.2-25.2Å, while the super cage diameter is approximately 11.8 Å, sodalite cage is 
around 9.4 Å and D6R about 7.4 Å.   
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Fig. 1.4 Structure of zeolite Y showing sodalite cages (9.4 Å) connected by D6R (7.4 
Å), generating a large super cage (11.8 Å) [21].  
 
1.1.3. Ion exchanged Zeolite Y 
The ion exchange of zeolite Y involves the charge compensating Na+ cations in the 
structure. The new cation can substitute for Na+ in the super cages, sodalite cages and 
D6Rs. The ratio of the replacement is governed by  the concentration of the 
exchange ion in the solution and its valence z. The exchanged ion will not only 
replace the position of the Na+ but can also cause changes in the cation positions 
moving to a more central place or a place closer to the edge in the cages depending on 
its size and valence. 
 
D6R 
Sodalite cage 
 Super cage 
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1.2. Glass 
Glass is one of the earliest materials manufactured by human beings [22] dating back 
to 5000BC where Phoenicians found it in the embers of wood fire. Humans started to 
make objects from glass in about 3000BC. Until 1500BC glasses were produced 
separately from ceramics which were formed by sintering crystalline materials. Glass 
bottles thousands of years old can be seen in museums, which show the cleverness of 
ancient people in using glass. At first glass was moulded into bottle shapes, later the 
Romans discovered how to blow glass into vessels of different shapes. The glass 
compositions then were a little bit different from modern glasses, for they were 
always obtained by melting sand and plant ashes or soda ashes to get Na2O-K2O-SiO2. 
These kinds of glass are not so pure. In modern times, our glass production is much 
more stable and pure. For example the universal glass composition for window 
material is 69-74% silica + 5-14% sodium oxide (Na2O) + 10-16% lime (CaO) + 
magnesia (MgO) + alumina (Al2O3). Glass has become an intense study field of 
research in the last hundred years. These studies differ in raw materials, glass forming 
mechanisms and different applications.  
 
Glasses are defined as non-crystalline amorphous solids. The arrangement of the 
atoms and ions is so random that sometimes they are described as a frozen liquid, 
which means glasses are solids which have the structure of liquids frozen. These 
solids benefit from large entropy as they are fabricated with high energy, but this 
means that they are relatively unstable both mechanically and thermodynamically. As 
  
22 
most of the energy comes from the residual strain left in glass during cooling, this 
produces lots of wanted and unwanted effects. For instance, Prince Rupert's Drops are 
glasses with very high internal residual strain that are hard to break in the head by a 
hammer [23]. They are formed by dipping molten glass into cold water. However 
when a Prince Rupert’s drop is slightly damaged in the tail it will explode into powder 
and flakes. (Fig. 1.5) Thermal toughening has been used in tempered glass for 
architecture and vehicle window glass to create a tough barrier that is also transparent. 
 
  
Fig. 1.5 Prince Rupert's Drops showing drop with a large tail (left) which if broken 
destabilizes the whole specimen (right) [24] 
 
1.2.1. Glass transition and various ways to form glass 
After all those years’ research in to glass, scientists have discovered many ways to 
form glass, its raw materials differ from liquid to crystal. All these methods are in 
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order to make the structure amorphous. The different ways is shown in Fig. 1.6 
 
Fig. 1.6 Various routes to the glassy state collated from reference [25] 
 
This figure schematically indicates a wide variety of ways of forming amorphous 
materials. In the center, the temperature-pressure (P-T) diagram indicates melt 
quenching from the liquid to the glassy state. The energies of the initial states relative 
to the final glassy states are also shown [25]. The basic conditions that change in this 
figure are the temperature and pressure, which may differ in application methods.  
 
When it comes to forming glasses from liquids, cooling from high temperature is the 
most conventional way. This method was used widely in industrial production such as 
producing window glass and other functional glass [26]. Sometimes liquid 
polymerization reaction can also be used at ambient temperature and pressure to form 
glass, for example, polymerization of monomer liquid to form glassy materials [27, 
28].  
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In some circumstances glass may be formed directly from gaseous pre-cursors, an 
example of this technique is in the widely used Chemical Vapour Deposition (CVD) 
of thin films of glassy materials, such as silica [29]. In the case of silica, one 
commonly used precursor is Silane (SiH4) which is reacted with Oxygen to deposit 
silicon dioxide (SiO2) on a substrate [30]. There are many variations of this technique, 
some of the notable variants carry out the deposition at low pressure (LPCVD) [31]or 
use a plasma to activate the pre-cursors (PECVD) [32] 
  
Another way to form glass comes from the raw crystalline material. Almost all 
crystallites can be transformed into glass by cold compression [33], shock [34], 
irradiation [35] or intense grinding [36], even through the temperature for these 
techniques is low, high energy and high entropy glassy state can still be achieved by 
applying pressure and radiation to the raw materials. A ball milling maybe needed to 
form finely powdered glass from crystalline starting material as a kind of intense 
grinding [37]. Compression can be conducted under high pressure at ambient 
temperature in diamond anvil cell [38].  
 
The right part of the diagram shows techniques which combine pressure with 
temperature to break the balance of the reaction in order to achieve a glassy state in a  
similar manner to quenching. In solid-state diffusion controlled reaction, solids 
reacted to form glass with high temperature diffusion. For example, an amorphous 
alloy can be formed using solid-state diffusion from pure polycrystalline Au and La 
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thin films [39]. Solvent evaporation to form glass can happen when the solute is 
unable to crystalize under solvent evaporation. Combined with levitation solvent 
evaporation can be used to study the amorphization of drugs [40].  
 
The sol-gel route is another way for glass formation which is widely used recent years. 
Hydrolysis of precursor organics and drying uses the principal of homogenizing, for 
example,  silver containing and silver free Na2O·CaO·2SiO2 glasses can prepared by 
sol–gel synthesis using tetramethil orthosilicate, sodium ethoxide, calcium nitrate 
tetrahydrate and silver nitrate as starting materials and methyl ethyl ketone as solvent 
[41].  
 
The decompression from stable high pressure crystalline phase can form glass at 
ambient temperature. This is proved by decompressing 
CaSiO3 and MgSiO3 perovskites from their high pressure stability fields [42].  The 
various route of forming glass below Tg may yield glasses that are thermodynamically 
distinct from those obtained by the other high temperature routes but which may 
transform to them by way of non-equilibrium transitions. The difficulty of generating 
high temperature over a reasonable volume means that this route is not used much. 
 
Even though so many methods have been introduced, the common method of glass 
formation used industrially is still cooling from a viscous liquid. By cooling a liquid 
rapidly from a temperature above the melting point Tm to a temperature at which the 
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crystalline structure is lost, one can bypass the recrystallization of the liquids as it is 
cooled by this way, the relaxation time becoming extremely long to point where it is 
beyond observation. For example, in the production of silicate glass, the molten liquid 
is quenched from 1500K. The amorphous structure of the molten material is frozen to 
where the equilibrium is broken on cooling. The temperature when the original 
structure is lost is called Tf, which is fictive and changes with the speed of cooling. 
The Energy/ entropy/volume-temperature curve around Tf  is called glass transition 
area [1]. (Fig. 1.7) 
 
Fig. 1.7 Schematics for the liquid, supercooled liquid, glassy and crystalline states 
where Tm and Tg denote the melting point of the crystal and glass-transition 
temperature of the liquid, respectively. Taken from ref [1]. 
 
1.2.2. Different glass forming systems and amorphized materials 
Glasses are amazingly wide used by mankind, ranging from oxide glass and 
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chalcogenide glass to metallic glass. Oxide glasses hold a most important position in 
our daily life, for example windows, display screens, windscreens, bottles etc.   
While chalcogenide glass and metallic glass represent the functional glasses used 
nowadays, e.g. infrared optics[43], low loss transformers[44], mechanically resistant 
cases for mobiles [45]etc.    
 
1.2.2.1. Oxide glass 
Coming to oxide glasses, these are silicate, borate and phosphate glasses. The 
principal ingredients of silicate glass is SiO2, network-modifying alkalis such as Na 
and K are added to achieve glass formation at lower temperature. In silica, Si atoms 
are surrounded by four bridging O atoms, as explained in Zachariasen model of SiO2 
glass [3] (Fig. 1.8). In silicate glass Si atoms can be surrounded by one, two, three, or 
four bridging O atoms. The charge caused by non-bridging oxygens is compensated 
by the alkali or alkaline earth ion (network modifier) added. The structural and 
chemical local order characterized by various types of Si environment can be 
described as Qn species, where n is between 0 to 4 and represents the number of 
bridging O surrounded Si. These are illustrated in Fig. 1.9, with the fractions expected 
for each Qn species and two model distributions according to the composition of the 
network modifier. The binary model is based on the reaction:2Qn=Qn-1+Qn+1, and 
there can be only one Qn species at any stoichiometric composition and only two 
species elsewhere. For a random distribution model Qn covers a broader composition, 
with three or four species exist which close to reality. 
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If the modifier is Na2O and CaO, soda-lime-silica glass can be produced. This kind of 
glass occupies almost 90% of the glass production, as they can be used as windows, 
phone screens, containers and so on. Aluminosilicate glasses are formed by the 
addition of Al2O3, applied widely in bulb and glass fiber products. If PbO is added, 
lead glass is formed which has a high index of refraction and was originally used for 
decorative purposes and optical instruments. It was originally used to form a high 
reflective index glass for decoration and optical instrument. The lead also give the 
glass  the property that it is highly absorbing of X-rays and -rays. The content of 
SiO2 in silicate glass is over 99%, making it important in telecommunication, where 
fibres coated by high reflective index (GeO2 + SiO2 ) film, totally lossless reflect 
signals for km [46].  
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Fig. 1.8 The glass network of silica in two dimensions, in which black balls are Si, 
and white balls are O. [3] 
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Fig. 1.9 Theoretical Q species distribution in binary alkali/alkaline-earth silicate 
glasses expected from a chemically ordered binary model (left) and from a random 
model (right). Different Qn configurations are shown below [1]. 
 
B2O3 is the basic composition of the borate glass, however pure B2O3 glass is so 
chemically unstable, that it cannot be used in daily life. Borate glass normally used is 
a combination of borate and silicate glass. Pure borate glass can tell a lot about the 
structure of borosilicate glass. It consists of many planar B3O6 boroxol rings made by 
three O bridging BO3 triangles. Borosilicate glass can be used for nuclear waste 
disposal [47]. 
 
Phosphate glass shows similar network structure to silicate glasses, but incorporates 
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polyphosphate chains. Because phosphate melts have high solubility for heavy ions 
and a low glass transition temperature, they can be used for nuclear waste disposal 
[47]. In telecommunications phosphate containing rare earths are used as optical 
amplifiers for optical fibre repeaters [48].      
 
1.2.2.2. Chalcogenide glasses and halide glasses 
Chalcogenide glasses and halide glasses can be achieved by replacing the oxygen in 
the oxide glass by sulfides, selenides, tellurides or halogens like fluorine. They show 
structural similarities with oxide glass because they are networks. However, 
chalcogenide glasses are semiconducting and are under development for non-volatile 
random access memories because they can transform from insulator glass to metallic 
glass and back under different heating conditions. Halide glasses have a high 
refraction index and can be used in optical instruments. They have superior optical 
transmission to silicate glass [49].  
 
1.2.2.3. Metallic glass 
Metallic glasses were first introduced by Kramer in 1930s using the vapour deposition 
method. (Fig. 1.6) Molten metals need very high speed cooling to achieve glassy state, 
as metals are so easy to crystalize. Metallic glasses have the advantage of both glass 
and crystalline metal. They are mechanically tougher than oxide glass and less easily 
deformed like crystalline metal. One commercial application of metallic glass is its 
use for golf clubs [45]. Metallic glass is also used in the core of transformers provides 
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a significant reduction in iron losses, compared with grain-oriented silicon steels. 
 
1.3. Amorphization 
Amorphization is the transformation from a crystalline phase to an amorphous 
(non-crystalline) phase without melting or vitrification, e.g. cold compressions in Fig. 
1.6. It describes the process of a crystal structure changing under pressure and 
temperature. It is different from glass formation from raw materials by melting and 
melt quenching, but in techniques they have some similarities. Amorphization can 
also be achieved by shock, irradiation or intense grinding (Section 1.2.1).  
 
1.3.1. Amorphization process  
Amorphization can generally be obtained by pressure or temperature. When 
temperature is used in amorphization, it is usually below the melting temperature Tm 
and around the glass transition Tg. (Fig. 1.7) which means it is a solid reaction.  Not 
all materials can be amorphized by thermal methods, as many crystals generally melt. 
However many materials do amorphize before melting, the most obvious examples 
are zeolites under temperature and quartz under pressure. D. Wolf et al have made 
some comparison in thermodynamics between solid-state amorphization and melting, 
showing some similarities while also explaining it by volume expansion [51]. Solid 
state amorphization was called mechanical melting according to this paper. Thermal 
decompressive amorphization was also reported by Skinner and Fahey in forming 
stishovite from silica under high pressure [52].  
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Apart from temperature, pressure induced amorphization (PIA) is the most frequent 
way used to get the amorphous state without melting. PIA was first reported by 
Mishima et al. [53] in 1984 as they found that ice under 77K could be pressed leading 
to amorphous ice. Since then, scientists kept discovering amorphization in different 
materials, like quartz, zeolite and other minerals.  The amorphization can be 
obtained by pressure under different temperatures, but mostly room temperature. 
Consisting of SiO2, quartz has been studied by many researchers looking at its 
structure and molecular dynamics. It is believed that amorphization has a relation to 
the density of the precursor materials, for example zeolite (~1.5 g·cm-3) can be 
amorphized under 5-10GPa while silica (~ 2.65 g·cm-3) needs 25GPa or higher.  
 
Amorphization may also be induced by radiation and beams of ions, neutrons or 
electrons. Schwarz and Johnson give several examples of minerals amorphized by 
irradiation and mechanical methods in 1988 [50].  
 
Ball milling is another method for obtaining amorphization, whose mechanism is the 
combination of temperature and pressure. The temperature comes from the friction 
while the pressure come from the strikes. Together influence is added to the 
specimen. 
 
1.3.2. Potential application 
Amorphous framework materials have a promising prospect in drug encapsulation as 
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the framework can prevent the drug from losing its activity but allow a relatively slow 
release. C. Orellana-Tavra etc. showed that the amorphous metal-organic framework 
can slow the drug release considerably compared to the crystalline framework [54]. 
Amorphization can be used to control the pore size of the encapsulating materials and 
hence the drug release rate. As a lot of materials have a good solubility for heavy ions, 
for example borate materials, amorphization is also promising method for the nuclear 
waste disposal.  Amorphous ice can be used in scientific experiments to stabilize 
proteins for low temperature crystallization. For example, single molecules can be 
retained having a similar state in amorphous ice to that in liquid water at room 
temperature, which can maintain bioactivity. The liquid-glass transition offers a 
model for many other experiments, including study of organic compounds, or drug 
structure. In a word, the application of amorphous materials is promising, however it 
still needs efforts to discover and understand more. 
 
To make these applications possible and achieve a deeper understanding of zeolite Y, 
ion exchanged zeolite Y, their amorphization and glass formation process were 
studied in this thesis. Techniques such as differential scanning calorimetry (DSC), 
X-ray powder diffraction (XRPD), high resolution X-ray powder diffraction 
(HRXRPD), inductively coupled plasma mass spectrometry (ICP-MS), Raman 
spectroscopy and neutron scattering are used. The details are illustrated in following 
section. The structure and dynamic information is analyzed too, including the changes 
caused by the exchanged ion in crystalline zeolite Y and amorphous zeolite Y. 
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2. Methodology 
2.1. Ion exchange 
2.1.1. Ion exchange  
As mentioned in the first chapter, ion exchange is a very important property of 
zeolites because the cations in the cages show weak connection to the AlO4- tetrahedra. 
This leads to the freedom of the cations in the cages. The capability of the ion 
exchange is usually decided by the ratio of Si/Al, the size of the cages, and the 
position and property of the cations. If the ratio of Si/Al is high, there are less cations 
needed to compensate the charges. A cation bigger than the channels will be 
prevented from entering a cage. Moreover, the position of the cation is easy to explain 
for certain samples, but it is hard to explain how the exchanged ion might reach other 
SBUs. Some positions, for example super cages in Zeolite Y, will be more susceptible 
to exchange taking place. The exchange is selective for certain ions, this selectivity is 
not obvious for large cations however for small cations the ion exchange is easier. 
According to H. S. Sherry [1], when the exchange rate is low this preference is 
influenced by the radius of the hydrated compensating cation, the bigger the radius the 
lower the selectivity. However, when the exchange rate reaches a limit, which 
depends on the zeolite type, the exchange selectivity depends on the effect of free 
energy due to the interaction between the cations once dehydrated and the negatively 
charged lattice. Based on the same theory, M. Jeffroy et al [2] used Monte Carlo 
simulations to compute a model to calculate the univalent cation exchange isotherms 
in zeolites for cations like Li+, Na+, K+. 
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The theories to describe the ion exchange in zeolites have been studied for several 
years. A. I. Kalinichev studied the dynamics of ion exchange from the selectivity of 
the ion and the influence of the solute concentration in 1996 [3].  It is very complex 
that the exchange rate comes from the influence of both selectivity and solute 
concentration, so Kalinichev showed the result in two nonlinear mass conservation 
formulas. In thermodynamics, R. T. Pabalan and F. P. Bertetti studied the model of 
the reaction of the solution and zeolite, and showed that the exchange solution can be 
achieved by analyzing the composition of the zeolite using thermodynamics [4]. This 
thermodynamics model is very useful in multi-cation systems. 
 
There are several kinds of methods to complete ion exchange, including the solution 
exchange, the solid exchange and the molten salt exchange methods. The method 
most used and the easiest is the solution exchange method, which is the one adopted 
in this research. 
 
2.1.2. Specimen preparation 
In addition to zeolite Y, further samples were prepared by exchange of Na+ by Cu2+ 
and Nd3+ cations, as shown in table 2.1 
 
Exchange Ion Method 
Cu2+ Zeolite Y (20g) was dispersed into 400mL of water to make 
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Liquid1. 
Cu (NO3)2 (4g) was dispersed into 5mL of water to make Liquid 2. 
Liquid 1 was mixed with Liquid 2, stirred for 24h. 
It was dried under 80℃. 
It was dissolved again into 400mL of water, and stirred for 24h 
It was dried again under 80℃. 
Sample was dried under 300℃ for 15h. 
Nd3+ Identical to exchange method for Cu2+, except the exchange ion is 
Nd3+. 
Table 2.1 The solution method used in zeolite Y exchange 
 
2.2. Research Techniques 
During the course of this research, various analytic techniques were used, including 
powder diffraction using laboratory X-ray machine(XRPD), and high brightness 
synchrotron(SXPD), differential scanning calorimetry (DSC), mass spectroscopy, 
Raman spectroscopy and neutron scattering. The amorphization of interest of a 
transitional process ( from crystalline to amorphous ) of a bulk material. The above 
techniques were therefore chosen to study the structural and dynamical changes of the 
zeolite samples. These particle averaging techniques and their physics basis are 
described in details next. 
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2.2.1. X-ray Powder Diffraction 
2.2.1.1. XRPD 
Diffraction happens when waves of X-ray, neutron or electron pass through periodic 
crystalline lattices generating patterns. X-ray powder diffraction (XRPD) is a very 
common technique, and can give researchers information about the structure of 
materials when these patterns are analyzed and interpreted. When higher resolution is 
required, powerful synchrotron radiation is usually used which gives detailed 
information due to higher brightness however is a limited resource due to availability 
and high demand. High resolution X-ray powder diffraction (HR-XRPD) is therefore 
used to obtain structural details in complex crystal systems instead of laboratory 
XRPD.  
 
2.2.1.2. Theory 
X-rays are electromagnetic (EM) radiation similar to visible light however with 
shorter wavelength (~ 0.1-3.0 Å). When X-rays interact with an atom, the waves can 
be scattered by the electron cloud of the atom according to the EM theory [5]. When a 
monochromatic X-ray is incident upon a single crystal, it will be scattered by the 
regular arrangement of atoms or molecules in the crystal giving rise to interference of 
the waves. Just like a grating with visible single color light making dark and bright 
bands, the interference of the X-rays is known as “diffraction”.  
 
If the crystal is oriented particularly referring to the beam and an imaging detector is 
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used, a pattern of bright spots can be caught, which is unique to the crystal structure. 
Fig. 2.1 shows a representation of a crystal lattice with the atoms in the lattice 
represented by black dots. An incoming x-ray beam will be reflected from all of the 
atoms in the lattice, with each atom in the lattice acting as a radiator. The path 
difference between waves reflected from adjacent crystal planes in the lattice causes 
constructive and destructive interference to occur. In the simplified representation 
shown in Fig 2.1, constructive interference will occur when the angle of incidence of 
the beam is such that the path length difference between crystal planes is equivalent to 
a whole number of wavelengths of the incident radiation. This difference in path 
length may be determined by simple trigonometry and gives rise to the Bragg’s law 
formulation: 
2dhklsinθB=λ, 
where dhkl is interplanar distance, θB is scattering angle, λ is the wavelength of the 
X-rays. (Fig. 2.1)  
 
Fig. 2.1 Schematic incoming X-rays scattered into particular directions determined by 
the crystal lattice spacing [6] 
 
The interference pattern is produced in reciprocal space and may be used to determine 
In coming X-rays Diffracted X-rays 
Crystal lattice 
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the real space structure of a crystalline sample, using techniques like Rietveld 
refinement(details in section 2.3.1). 
 
In the reality the planes are actually present in three dimensions, so the definition of 
the planes use the Miller indices (Fig. 2.2). The axis is usually defined in the direction 
of the lattice vectors a, b, c, as shown Fig. 1.2 in chapter 1, α, β, γ are the angles 
between the three unit vectors. The Miller index (h,k,l) is defined as the reciprocal of 
the intersection with each axis.  
 
 
Fig. 2.2 Miller index h, k, l coordinates in reciprocal space 
 
Each real space interplanar distance dhkl is defined in terms of h, k, l, the coordinates 
in reciprocal space. The formula is !!!" = !ᴨ|!!!!"!!"| 
 
The lattice spacing dhkl can be defined as: 
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Cubic system:        !!!!"! = !!!!!!!!!!  
Tetragonal system:    !!!!"! = !!!!!!! + !!!! 
Orthorhombic system: !!!!"! = !!!! + !!!! + !!!! 
 
In the other systems the angle parameter α, β, γ also needs to be incorporated. In these 
cases expressions for dhkl will be much more complex, but are given in elementary 
crystallography text books [7]. Zeolite Y in this study has a cubic system. 
 
The Bragg's equation is useful to index diffraction peaks or reflections leading to the 
determination of crystal lattice and symmetry. However, the intensities for all the 
measured Bragg peaks from a sample are very important to determine structural 
details (atomic coordinates, temperature factors and occupancies) [8]. The intensity (I) 
can be predicted as: 
Ihkl = k |Fhkl |2 e-2M p [LP] A(θ) 
k is scaling constant,  
Fhkl is structure factor,  
e-2M is temperature term, where M = Bn(sinθB/λ)2 and Bn is the isotropic temperature 
factor (Debye-Waller) of atom n,  
p is multiplicity factor 
LP is Lorentz-polarisation factor (geometric) 
A(θ) is absorption factor of the sample. 
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The structure factor, Fhkl is given by the following depends upon the atomic position 
(rn) and rn = xna+ ynb + znc,  
 
where xn, yn and zn are the fractional coordinates in a, b and c lattice parameters, 
respectively. Therefore, !!!" = !!! !!!!!∙!(!!!!!!!!!!!) 
 
where fn (= fo + f ' + if '' ) is the atomic scattering factor and gn is the site occupancy 
factor. 
 
XRPD combined with Rietveld refinement, especially when using powerful 
synchrotron X-ray beam, can reveal small details in the microporous structures of 
zeolites including atomic parameters: fractional atomic coordinates, site occupancy, 
and atomic displacement or temperature factor. 
 
In a powder diffraction pattern, the 3-D diffraction information is condensed to a 
single direction. Therefore, multiplicity factor (p) arises from the sets of hkl planes 
which have identical d-spacing due to symmetry. For example, the d-spacing of 
(1,0,0), (0,1,0), (0,0,1), (-1,0,0), (0,-1,0), and (0,0,-1) peaks in a cubic lattice are the 
same and p=6. Whereas (111) has 8 identical peaks giving p=8. Therefore, the Bragg 
peak intensity must calculated including the multiplicity of the corresponding hkl 
 49 
plane. In addition, some planes overlap but possess different structure factors. For 
example, in a cubic lattice the 511 and 333 reflections possess identical lattice 
d-spacing. As the Rietveld refinement is a whole pattern fitting technique that 
involves all the structural parameters, when the peak intensity is calculated, the 
overlapped Bragg peaks can be accounted for. 
 
In order to get the structural information of a single crystal from every orientation, the 
sample needs to be rotated for the measurement of intensities from the different 
d-spacings. However, in an ideal powder specimen, there are hundred thousands to 
millions of tiny crystallites. The distribution of every orientation should be equal, so 
for a given interplanar distance d there will be a number of crystallites at the right 
orientation, giving rise to a small bright spot. All these spots combine together to form 
a bright ring, called the Debye-Scherrer ring [5]. Different Debye-Scherrer rings for 
different d-spacings are shown on Fig. 2.3, in which d1, d2 represent different 
interplanar distances. 
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Fig. 2.3 Diffraction from a crystalline powder showing the different Debye-Scherrer 
rings[9] 
Samples for powder diffraction need to be isotropic to make sure every              
crystalline orientation possible is represented equally. This is done by grinding 
powder to micron size crystallites. 
 
2.2.1.3. HR-XRPD 
The principle of HR-XRPD is the same as XRPD [10]. However, the high resolution 
technique usually exploits powerful X-ray beam produced from a synchrotron 
radiation (SR) machine[11]. The first such SR instruments were developed more than 
two decades ago [12 - 14]. There are a number of advantages using a SR beam for 
XRPD when comparing with a laboratory X-ray set:  
a) High brightness (intense and highly collimation) means: (i) smaller angular 
divergence of the incident beam, hence high angular resolution data can be 
obtained, and (ii) deep probing of structural details with high contrast (high 
signal-to noise ratio) data for the detection of small features. 
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b) Tuneable X-ray wavelength: (i) fluorescence occurs if the incident energy is above 
the absorption edge of one of the elements in the crystal lattice, this fluorescence 
cause high background and may be avoided by using lower energies. (ii) tuneable 
X-ray may be used to deliberately tune to absorption edges for resonant diffraction, 
i.e. to enhance the electronic contrast between neighbouring elements in a lattice 
such as Cu and Zn. 
c) Large or spacious instrument for sample environments means non-ambient or in 
situ experiments are routinely conducted. 
 
The collection of optical components to select a particular wavelength of radiation 
from the synchrotron, shape the beam and focus it onto a sample together with the 
associated radiation containment hutches are referred to as a beamline. The 1st hutch 
(from the source) houses optic components such as monochromator and mirrors to 
deliver a highly collimated and intense (high brightness) beam to the sample. In the 
2nd or experimental hutch on the beamline used for these experiments (DLS I11), 
there is a heavy duty, high precision diffractometer, designed to provide excellent 
angular precision (~0.1mdeg). The diffractometer has two-circles; the small θ for the 
mounting of sample stage such as sample spinner and the large 2θ for the mounting of 
detection system. Spinning capillary sample at the centre of the θ-circle is used for 
two important reasons. First, the preferred orientation of crystallites is less of a 
problem and secondly, a rotating sample can bring more crystallites to diffraction 
conditions. 
 52 
The instrumental resolution can be further improved by installing an analysing crystal 
(Si 111 or Ge 111) on the 2θ-circle, between the sample and detector. The perfect 
crystal has very narrow acceptance angle for diffraction (a few mdeg. at 12.4 keV or 
λ~1 Å) and it only allows certain radiation at correct energy (a pre-set Bragg angle) to 
pass through and reach the detector. Although high resolution data can be obtained by 
scanning 2θ, the collection time can take quite some time for good statistic due the 
narrow bandpass of the crystal and its attenuation. To decrease data collection time, 
multi-analysing crystals (MAC) are used, ranging from several to many such as the 
designs of beamline ID22 (formerly ID31) [15] at the European Synchrotron 
Radiation Facility (France), 11BM beamline at the Advanced Photon Source (USA) 
[16] and beamline I11 [17] at Diamond Light Source (UK).  
 
The HR-XRPD measurements were carried out using the facility at Diamond Light 
Source on beamline I11and the experimental hutch is shown in Fig.2.4 
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Fig. 2.4 A photograph of beamline I11 at Diamond Light Source, UK 
 
The large instrument has MAC of Si111 to provide tight collimation of the diffracted 
beams on the 5 arms surrounding the powder sample loaded in a capillary (Fig. 2.5) 
for the collection of high resolution data. The X-ray optics on the beamline use a 
Si111 monochromator to filter out a single wavelength (optimised at 15 keV~ λ 
=0.826 Å) which comes out from the beam pipe and impinges on the sample. 
 
 
Fig. 2.5 A typical capillary sample with the diameter 0.5mm, 0.01mm thickness and 
MAC arms 
Diffractometer 
Sample stage 
Beam pipe 
70mm 
ϕ0.5mm 
holder 
capillary 
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length 70mm, showing the blue powder supported by a holder that is inserted into the 
control circle for diffraction 
 
In order to randomize the specimen of micron sized crystallites further, the capillary 
container was spinning during the experiment. The powder sample was filled in the 
capillary as shown in Fig. 2.5. The capillary is mounted on the sample stage by a 
robotic sample changer. Each of the MAC arms contain 9 detectors, so there are 
altogether 45 detectors covering 3-150 degrees. The monochromatic beam comes out 
from beam pipe, was diffracted by the powder sample and the X-ray signals 
distributed in 2θ were recorded by the detectors. The final diffraction pattern of 2θ 
versus intensity was produced by the merging of all recorded data. This process is 
described in detail by Thompson et al (2009) [17].   
 
Compared to other methods for detecting material atomic structure, HR-XRPD offers 
a more rapid way also with small quantities of powder. HR-XRPD uses a high 
brightness beam (intense and highly collimated) which gives it the advantages over 
conventional XRPD. With a good crystalline powder sample, the technique produces 
narrower peaks with good counting statistics obtained from relatively short measuring 
time. These are essential for detailed structural analysis.  
 
As gaining access to HR-XRPD beamlines is not always possible, measurements 
using X-ray machine of laboratory setting is much easier. Therefore the approximate 
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structures of the zeolite samples were obtained using XRPD, while the high resolution 
of HR-XRPD was used to give detailed information about ion positions and possible 
movements. Both techniques were therefore used to detect the degree of 
amorphization in zeolite materials and ion positions at each stage. 
 
The patterns of the zeolite samples obtained from I11 have been analyzed by Rietveld 
Refinement [18](available in software TOPAS), which can refine from an initial 
guessed atomic structure to fit the measured patterns. 
 
2.2.2. DSC 
Differential scanning calorimetry (DSC) is a thermal technique measuring the specific 
heat needed to raise the temperature of the sample to a set temperature [19]. If the 
heat flow is negative then the sample is giving out heat (exothermic), otherwise the 
sample is absorbing heat (endothermic). This kind of measurement can detect the 
melting point, phase changes, water loss and the glass transition temperature. All 
these changes have an obvious reffect in the heat exchange. According to these 
changes, different phases can be predicted. 
 
The DSC machine is shown in Fig. 2.6. The heat flow is obtained by comparing the 
sample with respect to a reference.  
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Fig. 2.6 Schematic of DSC instrument where heat flow in or out of the specimen is 
determined differentially with respect to a reference [20].  
  
The output of the DSC reflects the heat difference changes taking place with time 
and/or temperature (Fig. 2.7). This diagram can be used to calculate enthalpies of 
transitions. The Enthalpy can be calculated by 
ΔH=KA 
Where ΔH is the enthalpy of the transition, K is the colorimetric constant, A is the area 
under the curve. Tm for instance melting in the diagram defines as the transition 
temperature, for a phase change, for example the melting temperature Tm of the 
specimen 
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Fig. 2.7 DSC diagram showing a exothermic peak for melting [21] 
 
DSC can be used in the study of zeolites to measure the glass transition temperature 
Tg, the melting point Tm and the water loss endotherm [22]. As shown in Chapter 1 
Fig. 1.7, Tg represents the temperature where the glass transforms from a rigid solid to 
a supercooled liquid. In DSC, it is characterized by a broad endotherm.  Zeolites can 
absorb large quantity of water in to the cages, the temperature of water loss is also 
very important to the study of zeolites and amorphization. 
 
2.2.3. ICP-MS 
Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass 
spectrometry which can detect the chemical composition of samples.  The quantity 
of the sample can be very low. The principle of this technique was found by Eugen 
Goldstein in 1886 [23], when he observed rays from the anode travelling in a 
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discharged gas were in the opposite direction to the electron beam rays from the 
cathode when these passed through channels in cathode. So he named these rays 
“canal rays”. In 1899, Wilhelm Wien found that the deflection was caused by strong 
electric or magnetic fields, so he built a device to separate the canal rays according to 
the charge (Q)-to-mass of the ions ratio (Q/m) [23]. This device employs parallel 
electric and magnetic fields, and is the origin of ICP-MS devices used today. 
 
In mass spectrometry, the sample can be ionized by different methods , sometimes it 
is bombarded by electrons to make the molecules break, sometimes it is dissolved into 
acid solution [24]. The starting sample can be solid, liquid or gas.  
 
In ICP-MS the sample is ionized by a argon plasma, generated by an intense radio 
frequency field. The ionized sample is then introduced to the analysis chamber where 
a mass spectrometer separates the ions of the sample according to Q/m. Ions of the 
selected mass pass through the quadruple where they are detected by an electon 
multiplying detector. A schematic of typical ICP-MS is shown in Fig. 2.8. 
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Fig. 2.8 ICP-MS to obtain chemical composition of zeolite samples. This shows the 
specimen injection, inductivity coupled plasma and mass spectrometer. [25] 
 
2.2.4. Raman spectroscopy 
Raman spectroscopy is a technique using laser light (usually in the near infrared or 
ultraviolet range) to detect the vibration, rotation and other dynamic behavior in 
specimens. This technique originates from the Raman effect found by Sir C. V. 
Raman in extended research on molecular light-scattering in 1928 [26]. He was 
awarded the Nobel Prize for this in 1930. At first, this technique was limited by its 
low sensitivity and poor monochromatic light in 1940s. However, the development of 
laser techniques in the 1960s brought improvement to these techniques. Now it is a 
standard lab technique to identify the structure of bonds and bond bending 
phenomenon in molecules and solids. 
 
When monochromatic light is incident on a specimen, it will interact with the sample 
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causing inelastic scattering and elastic scattering [27].The energy change of this 
interaction is shown in Fig. 2.9. If the photons on collision with a molecule are 
elastically scattered, there is no energy change between them. This kind of elastic 
scattering is called Rayleigh scattering. However, some collisions, can be inelastic, 
which will result in energy exchange between the molecules and photons. The energy 
from the photons can transfer to molecules exciting them to higher energy levels or 
the vibration and rotation energy of the molecule can also transfer to photons (Fig. 
2.10). The vibrational energy change will cause the energy of the radiated photons to 
change. The relationship between them is E=hυ, where E is the energy of a photon, h 
is Planck’s constant, and υ is the frequency of the photons. The change of the 
frequency Δυ is called Raman shift. When the energy of molecule’s final state is 
higher than the initial state, the energy of the light will be lower (Δυ is negative), this 
shift is called Stokes Raman scattering. In the opposite cases where the energy of the 
final state is lower than the initial state, it would be called the Anti-Stokes Raman 
shift.  Every Raman active substance has its unique spectrum, related to the vibration 
and rotational modes of molecules.     
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Fig.2.9 The energy changes in inelastic Raman Spectroscopy [28] 
 
 
Fig. 2.10 The schematic of the energy changes in Raman spectroscopy [29] 
 
Raman spectroscopy has been applied to zeolites in different states of amorphization 
to discover changes that take place during amorphization [30].  
 
2.2.5. Neutron scattering  
Elastic Neutron diffraction has similar principles to the X-Ray diffraction that 
complies with Bragg’s Law. However, neutrons interact with the nucleus of an atom 
 62 
whereas X-ray interact with the electron cloud surrounding the atom. This makes 
X-ray and neutron scattering complimentary techniques, in which neutron diffraction 
is more sensitive to some light elements for example water and has higher penetration. 
Inelastic Neutron scattering can study microscopic dynamics of the materials. The 
energy of the incident neutron can change by giving or receiving energies from the 
phonons like Raman spectroscopy. Inelastic neutron scattering can provide dynamic 
information in the structure, for example, the vibrational density of states (VDOS). 
 
Inelastic neutron Scattering (INS) is usually used to study molecular motion as well as 
magnetic and excitations. Results are usually described in terms of the dynamic 
structure factor S(Q, w), where Q is the difference between the incoming and outgoing 
neutron vector, w is the energy exchanged between them. 
 
Inelastic scattering experiments normally require the wavelength of the incident and 
outgoing beams and an energy analysis of the scattered neutrons. This can be done 
through time-of-flight techniques [30]. 
2.3. Data analysis techniques 
2.3.1. Rietveld Analysis 
Rietveld refinement is a method developed by Hugo Rietveld to characterize 
crystalline structure[31]. It refines the material structure using the positions, intensity 
and width of the peaks from the scattering pattern. A least squares method is applied 
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to refine the calculated pattern for trial atomic positions to fit the measured pattern in 
order to obtain the precise atomic coordinates [32]. 
Principle of Rietveld Refinement 
The theoretical intensity at point i of the diffraction diagram can be calculated by  !!" = !!" + SΦ! !Φ(2!! − 2!!)!!!  , 
GΦ: normalized profile shape function 
Ik: intensity of the kth reflection 
SΦ: scale factor of phase Φ. Summation performed over all phases Φ, and over all 
reflections k contributing to the respective point.  
yib: background 
yic: calculated intensity 
Ik: The equation and parameters are given in section 2.2.1.2. 
 
The goal of the refinement is to minimize the difference of the calculated pattern and 
the observed pattern using a least square method, 
!"" = !! !!!"# − !!!"#! !! ,!! = !!!!"#, 
wss: the difference of the intensity of the calculated pattern and the observed pattern  
yi obs: observed intensity at the ith step  
yi calc: calculated intensity at the ith step 
!! = 1!!!"# 
 
 64 
Quality of the refinement 
For a well-fitted XRPD pattern, the difference between the observed and calculated 
patterns should be small or minimised, and no specific peaks should be poorly fitted. 
If there is any major peak discrepancy, it may suggest faults in the proposed model. 
Refinement factors or R-factors [18] to be described below are useful indicators for 
the evaluation of a refinement, especially in the case of small improvements to the 
model, but it should not be used as the final confirmation of the structure. The most 
important criteria for judging the quality of a Rietveld refinement are (i) the fit of the 
calculated pattern to the observed data and (ii) the chemical sense of the structural 
model. The former can be evaluated on the basis of the final profile plot and the latter 
on a careful examination of the final atomic parameters such as bond lengths, bond 
angles and site occupancies [33]. 
 
The R-factors can provide a more quantitative guidance over the quality of the fit, 
where the R-factor quantities are Rp, Rwp, Rexp and χ2 or goodness-of-fit (g.o.f): 
 
!!" =  !!(!!!"# − !!!"#)!! !!(!!!"#)!!   
 
!!" =  !!(!!!"# − !!!"#)!! !!(!!!"#)!!  
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!! =  |(!!!"# − !!!"#)|! !!!"#!   
 
!!"# =  ! − !!!(!!!"#)!!  
 
 !! = !!"!!!"#!  
 
n = the number of observables of the data 
p = the number of parameters of the refinement !!!"# = the experimental Bragg peak intensity !!!"# = the calculated Bragg peak intensity 
wi = the weighting coefficient at the ith step (=1/!!!"#) 
 
The weighted profile, Rwp is the most significant as the numerator is the function 
being minimized. Rexp is the ‘expected’ R-factor when there are n observables and p 
parameters, which is the best possible value that the Rwp value could possibly reach. 
Adequate XRPD refinements generally have Rwp values below 12%, and χ2 should 
approach 1 for an ideal refinement. As the number of peaks increases, it is more 
difficult to achieve low Rwp values. In general, for a highly symmetric structure (fewer 
Bragg peaks), Rwp < 8% is considered acceptable, and for a medium complex 
phase/structure, < 10% is good; for a complex system (i.e., monoclinic to triclinic), < 
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15% is acceptable. As for HR-XRPD data obtained from a synchrotron source, the 
Rexp values become less meaningful as the number of observables (n) is much greater 
than that of a laboratory X-ray analogue due to smaller 2θ step size (high resolution). 
Also the statistics of observed intensities (intense incident beam) are much higher and 
hence reducing the counting errors. These will lower the Rexp value and hence 
artificially raised the values of χ2. Hence, the χ2 value (or g.o.f.) should not be the 
only factor to judge the quality of the Rietveld refinement. 
 
2.3.2. Structure determination during amorphization 
Using the Rietveld refinement, the crystalline fraction was analyzed by subtracting the 
the amorphous background from the crystalline peaks[18]. The degree of 
amorphization at each stage was calculated from the integrated peak intensities using 
the following formula, 
!% = 1− !!"!!" 100% 
where acp is the area of the crystalline peaks in the pattern after the background 
subtraction, aal is the area of all the peaks in the pattern. [34] 
 
Using the calculation of an XRPD result for example in Fig. 2.11, the peak separation 
is illustrated by removing the amorphous background.  
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Fig. 2.11 The process of peak separation 
2.4. Heat treatment for progressive amorphization 
In order to prepare samples exploring collapse, various heat treatments were applied 
using a furnace and are detailed in following chapters 3 and 4.  
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3. Sodium Zeolite Y 
3.1. Introduction 
The investigation on ex-situ temperature induced amorphization of sodium zeolite Y 
(Na zeolite Y) is described in this chapter. Dehydrated Na zeolite Y samples have 
been treated at various temperatures, making different samples with different degrees 
of amorphization. These various samples have been studied by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS), laboratory X-ray Powder Diffraction (XRPD), 
High Resolution X-ray Powder Diffraction (HR-XRPD), Differential Scanning 
Calorimetry (DSC), Raman spectroscopy, and inelastic neutron scattering. The 
samples used in this study were obtained from Shanghai Jiujie Chemical Corporation. 
The composition of Na zeolite Y may vary marginally according to its chemical 
production method, but the framework structure stays the same [1], which is also 
confirmed by XRPD in this work ( Section 3.2.5 ). In order to determine the accurate 
composition of the Na zeolite sample, it was analyzed by ICP-MS. The structural 
changes due to amorphization have been studied by XRPD and HR-XRPD. Thermal 
properties of the Na zeolite Y samples are determined by DSC. Raman spectroscopy 
and inelastic neutron scattering are used to study the dynamic properties of the 
samples. Techniques are combined to study the different steps of the Na zeolite Y 
amorphization. All the techniques mentioned in this chapter were introduced in 
Chapter 2. 
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3.2. Experimental work 
3.2.1. ICP-MS 
Before any other measurement was taken, ICP-MS was used to determine the 
composition of the Na zeolite Y sample [2]. The Na zeolite Y sample (0.1g) was 
dissolved in HNO3 solution and analysed with an Agilent Technology 7700 Series 
ICP-MS. The composition of metal ions is listed in Table 3.1. All the compositions 
are in weight percent. The content of oxygen was calculated by the valence.   
 
Ion Na Al  Si 
Weight percent (%) 7.82 9.10 21.74 
Table 3.1 The weight percent of the metal ions in Na zeolite Y samples, errors within 
0.01% 
 
The chemical formula for the Na zeolite Y can be calculated from ICP-MS as 
Na58Al58Si134O384. The water content is not shown in this formula as it cannot be 
obtained from ICP-MS. This formula is used in preference to the minimized form as 
this represents the Na zeolite Y unit cell. 
 
3.2.2. Water content 
As the zeolite will always absorb water from the atmosphere until it reaches a limit, 
the water content in its chemical formula cannot be ignored. In this study, the water 
content of the sample was determined by weighing sample before and after 
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dehydration. The dehydration was carried out by heating the sample in a vacuum 
furnace to a temperature of 573K with the temperature raising rate at 20K/min, and 
kept for 1 hour. The weight difference and weight percent of water are shown in Table 
3.2. 
 
Sample weight 
before 
dehydration (g) 
Sample weight 
after dehydration 
(g) 
Weight difference 
(g) 
Weight difference 
(%) 
13.52 10.41 3.11 23.00 
Table 3.2 The weight difference of the sample before and after dehydration and the 
weight percentage calculated from this. 
 
By calculating weight percentage using the data in Table 3.2, the chemical formula for 
hydrated Na zeolite Y is shown to be Na58Al58Si134O384·212H2O. Multiple samples 
were studied and the weight percent of the water were consistent to within 1%. 
 
3.2.3. DSC 
DSC was conducted on a NETZSCH DSC 404C in the Material Laboratory at 
Shanghai University, with the temperature raising rate 10K/min [3].  The sample used 
here is hydrated Na zeolite Y, because the sample would be dried during heating 
before it reaches amorphization temperature. Fig. 3.1 shows the DSC result of the 
hydrated sample.  
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Fig. 3.1 DSC result of hydrated Na zeolite Y that shows the water loss, the collapse 
(inset) and the LDA to HDA process. Arrows show the target temperatures used in the 
XRPD experiment. 
 
From Fig. 3.1, the water loss can be seen before the temperature arrives at 485K, 
where the sample gives out large quantity of heat making a very high exothermic 
peak. When the temperature arrives 946K, the sample starts to obtain energy which is 
the collapse period which is enlarged in the inset graph. Over this range, the change 
from I to II indicates the zeolite Y transfer from crystalline phase to low density 
amorphous phase.  
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This figure shows that the collapse start from 946K and end at 1150K, following by a 
transition from low density amorphous phase (LDA) to high density amorphous phase 
(HDA). The collapse shows a relatively broad peak, indicating that the collapse 
happens over a temperature range rather than a unique temperature, which agrees with 
the XRPD result shown below.  
 
3.2.4. Amorphous sample preparation  
All the Na zeolite Y samples were put into alumina boats for heat treatment. They 
were all heated to 573K by 20K/min and kept for 1 hour to get rid of water. Because 
this is the starting material of the following heat treatment, it is called dehydrated Na 
zeolite Y sample. Different heat treatments were conducted on the starting material, 
details for this are listed in Table 3.3 and shown graphically in Fig. 3.2 for clarity.  
The rate of temperature raise was kept at 10K/min. The temperature and the length of 
time that samples were kept were also listed. The range of temperature studied was 
taken from the DSC result from section 3.2.3.  
 
                  Time 
Temperature 
0min 20min 40min 60min 
1023K Na1023-0 Na1023-20 Na1023-40 Na1023-60 
1048K Na1048-0 Na1048-20 Na1048-40 Na1048-60 
1073K Na1073-0 Na1073-20 Na1073-40 Na1073-60 
Table 3.3 List of samples and heating regime 
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Fig. 3.2 Na zeolite Y samples under different heat treatment 
 
3.2.5. XRPD 
XRPD was conducted on all the samples listed in Table 3.3 and the dehydrated Na 
zeolite Y sample. XRPD measurements were taken in the ISIS Material 
Characterization Lab using a Rigaku Miniflex 600, with Cu Kα1 (40kV, 15mA, 
λ=1.5406 Å). The XRPD pattern for dehydrated Na zeolite Y is shown in Fig. 3.3. 
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Fig. 3.3 The XRPD pattern of dehydrated Na zeolite Y, while the blue lines represent 
a reference Na zeolite Y pattern (JCPDS: 38-0239). The lattice planes defined by 
Miller index have been marked out. The two * peaks come from Al samples container. 
 
The pattern shows agreement with the reference pattern, indicating that this sample 
holds a zeolite Y Faujasite structure.  
 
The XRPD pattern of the Na zeolite Y samples heated under 1023K, 1048K and 
1073K are shown in Fig. 3.4, 3.5 and 3.6 each measured at ambient temperature.  The 
degrees of amorphization are calculated by Rietveld method based on the intensity 
subtraction method. (Chapter 2, Section 2.3.2) 
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Fig. 3.4 The XRPD patterns for Na zeolite Y samples kept at 1023K for 0 min, 20min, 
40min and 60min. Different degrees of amorphization are indicated. The * peaks 
come from the Al sample container.  
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Fig. 3.5 The XRPD patterns for Na zeolite Y samples kept at 1048K for 0 min, 20min, 
40min and 60min. Different degrees of amorphization are indicated. The * peaks 
come from the Al sample container. 
 
Fig. 3.6 The XRPD patterns for Na zeolite Y samples at 1073K kept for 0 min, 20min, 
40min and 60min. Different degree of amorphization were indicated. The * peaks 
come from the Al sample container. 
 
When samples were kept at 1023K, significant changes can be seen on the XRPD 
pattern which developed with time. As time passes, the intensity of the sharp 
diffraction peaks decrease and broad structures emerge indicating that the materials is 
becoming less crystalline and more amorphous.  
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When comparing the three figures it can be seen that the time used for the samples to 
totally collapse becomes shorter at higher temperature. The main difference between 
the collapse speeds was shown before the samples were kept at a set temperature. To 
make it clear the speeds of collapse at different target temperature are drawn in Fig. 
3.7.  
 
Fig. 3.7 The speed of amorphization at different temperatures 
 
Even though the difference is slight, the trend of the influence of temperature can be 
seen. When the temperature is higher, the speed of collapse increases.  
 
3.2.6. HR-XRPD 
High Resolution Powder X-ray Diffraction (HR-XRPD) was performed on I11 at 
Diamond Light Source (DLS), using 15 keV , λ=0.825875(10) Å. [4]. The wavelength 
was calibrated using high quality Si powder standard (SRM640c) from National 
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Institute of Standards (NIST in USA). The initial pattern for dehydrated Na zeolite Y 
and Na1023-40 sample are shown in Fig. 3.4. A partial collapse sample Na1023-40 
was chosen, to see the changes of atom positions under the heat treatment.  All 
samples were dried and sealed in capillaries as described in Chapter 2, section 
2.2.1.3 . Fig. 3.8 shows that the XRPD pattern of the sample before and after collapse. 
The change in the (111) peak shape and position is highlighted in Fig. 3.9.  
 
 
Fig. 3.8 HR-XRPD pattern of Na zeolite Y and sample Na1023-40 showing the 
replacement of diffraction peaks with different degree of amorphization 
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Fig. 3.9 The (111) peak’s diffraction peak position changes in two Na zeolite Y 
samples, showing the shrinkage of the unit cell. The peak shown as red curve shifted 
to higher angle. The reduction of intensity was due to more amorphous content. 
 
Taking (111) peak for instance, the peak position change indicated that the cage 
structure becomes smaller as a result of partial amorphization. The asymmetrical peak 
shape is due to the axial divergence of the HR-XRPD instrument [4]. 
 
HR-XRPD data (Fig. 3.8) were analysed using TOPAS software, which enables trial 
coordinates to be tested and then refined using the Rietveld technique based on the 
same space group (Chapter 1, Section 1.1). Starting with the published Na zeolite Y 
structure Na59Al59Si133O384 [5], this was refined for the dried commercial material 
Na58Al58Si134O384, indicating small differences in unit cell size and cation positions 
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(Table 3.4). In particular the higher loading of Si and lower loading of Al was 
responsible for the slight decrease in unit cell size, compared to the reference 
structure. Likewise there were small changes in the positions and occupancy of the 
charge-compensating cations, located in the double 6-fold rings (D6R), the sodalite 
cages and supercage. In the material used here, there were more Na in the sodalite 
cage and fewer Na in D6R and the super cage. Turning to the comparison between the 
partial collapsed sample Na1023-40 and the dehydrated commercial Na zeolite Y 
sample, differences between the unit cell sizes and the cation positions can again be 
seen. During the collapse the unit cell size decreases a lot, indicating that the cages 
shrink when high temperature is applied. This may well be due to the fact that in 
Na1023-40 55% of the sample is already amorphous. Having a higher density than 
crystalline Na zeolite Y could result in a local change in pressure for the remaining 
45% crystal, as suggested in in situ XRPD [6 - 8].The present results are a more 
accurate consequence of this effect conducted at ambient temperature where the unit 
cell clearly shrinks. The change of cation positions has shown that the cations move to 
smaller D6R and sodalite cages suggesting these are more stable in the structure. The 
dehydrated structure model is shown in Fig. 3.10.  
Sample Unit cell 
parameter (Å) 
Na in D6R 
(%) 
Na in sodalite 
cage (%) 
Na in 
supercage (%) 
Reference Na 
zeolite Y 
24.791 11.5  35.1 53.4 
Dehydrated Na 
zeolite Y 
24.715 ± 0.0001 3.0 ± 0.03 46.3 ± 0.4 50.7 ±0.5  
Na1023-40 24.689 ± 0.0002  5.6 ± 0.05 56.1 ± 0.5 37.9 ± 0.4 
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 Table 3.4 Cubic size and ion distribution of reference zeolite Y and zeolite Y sample 
(a)                                    
 
 (b) 
 
Fig. 3.10 (a)The structure of zeolite Y in 3D image (b) The structure of zeolite Y in 
2D image, where magenta balls represent Na atoms in super cages, blue balls are Na 
a
b
c D6R	
Sodalite	cage	
	Super	cage	
Sodalite	cage	
D6R	
	Super	cage	
a	 b	
c	
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in sodalite cages and magenta balls are Na in D6R. The framework is built by Si, Al 
and O 
 
After Rietveld refinement the parameters and coordinates are listed in Table 3.5 and 
3.6. And the Rietveld refinement pattern were presented in Fig. 3.11 
 
Rietveld 
parameters 
Na zeolite Y  Na1023-40 sample 
Scale factor 3.347e-7 3.339e-7 
Zero point 2θ -0.0857 -0.0082 
Background    
B0 338.276 407.356 
B1 -96.658 -105.150 
B2 -48.940 -65.005 
B3 -29.931 -18.235 
Overall isotropic    
Rwp 9.252 6.743 
Rexp 2.907 2.767 
Rp 6.904 4.258 
Table 3.5 Final parameters of Rietveld refinement (errors are within 1% of the 
original parameter) 
 
Atom type x y z Occupation 
Na zeolite Y 
 
 
 
Si Al 0.123 0.945 0.037 1 
O1 0.174 0.174 0.979 1 
O2 0.179 0.179 0.319 1 
O3 0.252 0.252 0.143 1 
O4 0.107 -0.107 0 1 
Na1 0.086 0.0897 0.0897 0.7 
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Na2 0 0 0 0.05 
Na3 0.238 0.238 0.238 0.90 
Na1023-40  
Si Al 0.125 0.944 0.037 1 
O1 0.172 0.172 0.983 1 
O2 0.179 0.179 0.325 1 
O3 0.252 0.252 0.139 1 
O4 0.107 -0.107 0 1 
Na1 0.246 0.242 0.246 0.90 
Na2 0 0 0 0.12 
Na3 0.445 0.561 0.445 0.68 
Table 3.6 Final structure model of two samples (errors are within 1% of the original 
parameter) 
 
 
Fig 3.11 The comparison of the calculated pattern with the observed pattern 
 
The R factor and the difference curve show that the structure obtained from this is 
reasonable. 
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3.2.7. Raman Spectroscopy 
Raman spectroscopy was conducted at room temperature on samples heated 
previously up to 1023K in order to show a range of degrees of amorphization as 
presented Fig. 3.12. Focusing on the uncollapsed zeolite sample, the spectrum shows 
the stretching and bending modes of the T(Al, Si)-O. Mixed stretching and bending 
modes of T-O-T are shown in Raman bands from 300cm-1 to 550 cm-1. [9, 10] These 
bands come from the inter-tetrahedral angle, bond length and mass of T atoms. For the 
different tetrahedral ring sizes which occur in the Faujasite structure, well-separated 
Raman bands can be detected: the lower the number of participating tetrahedra per 
ring size, the lower the intra-tetrahedral angle and, hence, the higher the vibration’s 
resonance energy and band frequency. The bands at 295 cm-1 and 384 cm-1 are 
characteristic for the T-O-T bending associated with 6-membered rings, while the 515 
cm-1 band comes from the 4-fold rings. There are basic rings that make zeolite Y (Fig. 
1.4). The higher frequency range of >700 cm-1 is dominated by bands associated with 
T(Si,Al)-O symmetric and asymmetric stretching vibrations which  are weak for 
uncollasped Na zeolite Y compared to the Raman results with different degrees of 
amorphization. Peaks become significantly broader and the intensity of 515 cm-1 peak 
decreases slightly, which indicates the four fold ring is relatively stable. Signatures of 
6-fold rings also remain but become weaker. For fully collapsed Na zeolite Y all the 
peaks below 550 cm-1 overlap forming a broad amorphous peak, signifying other 
bending is occurring, notably 5-fold rings.  In the higher frequency range, the small 
peaks from the stretching vibration increases a lot as the collapse destroys the cage 
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structure. When the structure is totally destroyed in the 100% amorphous sample, the 
Raman result converges with the quenched aluminosilicate spectrum, where very 
similar Raman profiles are present for similar composition. For example (Na2O)0.25 
(Al2O3)0.25 (SiO2)0.75 [11] to our Na58Al58Si134O384. 
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Fig 3.12 The Raman spectra of different amorphous sample marked with obvious 
changes with the collapse. 
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3.2.8. Neutron scattering 
Inelastic neutron scattering results were produced on ISIS MARI instrument. It was 
conducted on dehydrated samples and the collapsed samples using 17meV neutrons 
and 0.8 meV resolution. (Fig. 3.13) 
a                                                                  b                                 
    
Fig. 3.13 (a) INS result of zeolite Y at 20 K to reduce the thermal vibration. (b)INS 
result of collapsed Zeolite Y at 20 K to reduce the thermal vibration. 
 
From the uncollapsed sample we can determine the features of the structure. The 
5meV band (A) indicates the vibration of the super cage made up of 4- and 6- fold 
rings (Fig.1.4) . The broad peaks around 8 meV (B)indicates the vibration of sodalite 
cage and the broad peaks around 12meV (C) indicates the vibration of the D6R 
following identification in reference [12]. These peaks disappear in the collapsed 
sample showing that the vibrations of the supercages, sodalite cages and D6R vanish 
which indicates the structure becomes that of a quenched glass. There is a broad peak 
of this amorphous sample which is associated with the Boson peak [13].  
 
A	
B	
C	
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3.3. Analysis 
Combining the DSC result (Fig. 3.1) and the XRPD results (Fig. 3.4-3.6), the process 
of collapse can be shown to happen over a broad temperature range and within this 
temperature range the speed of collapse is observed to be faster when the temperature 
is higher (Fig. 3.7).  According to G. N. Greaves [14], this temperature range will 
change according to the rate of heating, the temperature range being higher when the 
of heating is lower.  
 
Combining the Raman and the inelastic neutron scattering (Fig. 3.12 and 3.13), the 
disappearance of the zeolite cages can be seen. The inelastic neutron scattering shows 
the changes to the cages and the Raman shows the change to the rings. The cages 
topology disappear with amorphization according to the inelastic neutron scattering, 
however the uncollapsed structure still contains 4- and 6- fold rings according to 
Raman results. The 4-fold rings in the cages appear to be relatively stable. The Raman 
spectroscopic results suggest some new rings grow with the heat treatment. 
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4. Ion exchanged Zeolites  
4.1. Introduction 
The investigation of temperature induced structural changes in ion exchanged zeolite 
Y and a comparison to Na zeolite Y (from Chapter 3) is introduced in this chapter. 
The exchange ions here are Cu2+ and Nd3+, using the method of ion exchange detailed 
in Chapter 2 [1]. Various samples have been made by treatment under different 
temperature and time conditions, achieving several samples with different degrees of 
amorphization. The compositions of the ion exchanged zeolite Y samples were 
obtained by ICP-MS in the Department of Geography at Aberystwyth University.   
Differential scanning calorimetry (DSC) is used here to detect the thermal properties 
of the ion exchanged zeolite Y. This was completed in Department of Material Science 
at Shanghai University. The structure of the ion exchanged zeolite Y and changes 
under heat treatment were studied by laboratory X-ray diffraction (XRPD) at ISIS 
material lab and high resolution X-ray diffraction at Diamond light source. Raman 
spectroscopy conducted in the Physics Department was used to study the dynamic 
properties of the samples. These complementary techniques were chosen to study the 
structure of ion exchanged zeolite Y as well as their changes during amorphization.  
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4.2. Experimental work 
4.2.1. ICP-MS 
The ion exchange was conducted on the raw Na zeolite Y using the method 
introduced in Chapter 2. With this method the weight percentage of the exchanged ion 
can be estimated, however the detailed composition still need to be determined by 
ICP-MS. Experiments were conducted on Agilent Technology 7700 series ICP-MS. 
The compositional results of all the metal ions are listed in Table 4.1. All the 
compositions are in weight percentage. The content of oxygen was calculated by the 
valence from the mole percent of the cations. 
           Ion(wt%) 
Sample 
Na Al  Si Cu Nd 
Cu zeolite Y 5.2 11.8 28.3 6.7 0 
Nd zeolite Y 4.7 11.4 27.1 0 10.4 
Table 4.1 The weight percent of the metal ions in Cu zeolite Y and Nd zeolite Y 
samples obtained by ICP-MS(errors are within 0.01% ) 
The chemical formula for the Cu zeolite Y and Nd zeolite Y samples can be calculated 
as Cu14Na30Al 58Si134O384 and Nd10Na28Al 58Si134O384.  
4.2.2. Water content  
The water content of the two ion exchanged samples were determined by measuring 
the weight difference of the samples before and after dehydration as described in 
section 3.2.2. The weight difference and the calculated weight percentage of the water 
are listed in Table 4.2 
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Sample Sample weight 
before 
dehydration (g) 
Sample weight 
after 
dehydration (g) 
Weight 
difference (g) 
Weight 
difference (%) 
Cu zeolite Y 14.50 11.19 3.31 22.8 
Nd zeolite Y 13.42 10.19 3.23 21.4 
Table 4.2 The weight difference of the samples before and after dehydration and the 
weight percentage(errors are within 0.01g). 
 
Using the data from Table 4.2, the complete chemical formulas for hydrated Cu 
zeolite Y and Nd zeolite Y samples were calculated as Cu14Na30Al 58Si134O384·213H2O 
and Nd10Na28Al 58Si134O384·205H2O. A number of samples were measured, and the 
weight percent of the water was consistent to within 1%. 
 
4.2.3. DSC 
The DSC conducted  using the same instrument as for Na zeolite Y (Section 3.2.3) 
with a temperature raising rate 10K/min which is the same as the heat treatment used 
after dehydration. The samples used here are hydrated materials, as they are dried 
during the measurement. Fig. 4.1 and Fig. 4.2 show the DSC result of the Cu and Nd 
zeolite Y samples.  
		
97	
 
Fig. 4.1 DSC result of hydrated Cu zeolite Y that shows the water loss, and the 
collapse with heating rate 10K/min. Regions I and II refer to isothermal reaction 
followed by collapse from zeolite to LDA. The subsequent endotherm follows the 
conversion from LDA to HDA. The red arrows refers to target temperature used for 
XRPD and Raman experiments. 
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Fig. 4.2 DSC result of hydrated Nd zeolite Y that shows the water loss, and the 
collapse with heating rate 10K/min. Regions I and II are equivalent to Fig. 4.1, with 
the conversion to HDA identified. The red arrows refer to target temperature used for 
ex situ XRPD and Raman experiments. 
 
From Fig. 4.1 and Fig. 4.2, it can be seen that most of the water is lost before 500K, 
where the samples show high endothermic peaks. The collapse curves have been 
enlarged in both figures, showing that the collapse of Cu zeolite Y happens between 
1040K and 1147K, and the collapse of Nd zeolite Y happens at higher temperatures 
between 1085K and 1260K. Both samples collapse over a large temperature range, 
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which is similar to Na zeolite Y (Chapter 3, Section 3.2.3). Looking at the enlarged 
exothermic peaks, two part of the curve with a obvious turn can be seen suggesting 
the changes of the ion exchanged zeolites from zeolite to low density amorphous 
state. The following peak suggests the transition from LDA to HDA. [2] The target 
temperatures chosen in the following experiments are marked in the figures. 
 
4.2.4. Amorphous samples preparation for ex situ XRPD and Raman experiments 
 
All the samples were heat treated by the process used for Na zeolite Y (see section 
3.2.4). The target temperature and the length of time kept at target temperature for Cu 
zeolite Y and Nd zeolite Y are listed in Table 4.3 and 4.4, also shown in Fig. 4.3 and 
4.4 
                  Time 
Target                 
Temperature 
0min 20min 40min 60min 
1048K Cu1048-0 Cu1048-20 Cu1048-40 Cu1048-60 
1073K Cu1073-0 Cu1073-20 Cu1073-40 Cu1073-60 
1098K Cu1098-0 Cu1098-20 Cu1098-40 Cu1098-60 
Table 4.3 Cu zeolite samples under different heat treatment 
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Fig.4.3 Cu zeolite samples under different heat treatments showing target temperature 
and measurement times (staged by 2 minutes) 
 
                  Time 
Target 
Temperature 
0min 20min 40min 60min 
1098K Nd1098-0 Nd1098-20 Nd1098-40 Nd1098-60 
1123K Nd1123-0 Nd1123-20 Nd1123-40 Nd1123-60 
1148K Nd1148-0 Nd1148-20 Nd1148-40 Nd1148-60 
Table 4.4 Nd zeolite samples under different heat treatment 
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Fig. 4.4 Nd zeolite samples under different heat treatments showing target 
temperatures and measurement times (staged by 2 minutes ) 
 
4.2.5. XRPD 
XRPD was conducted on all the samples listed in Table 4.3 and 4.4. The diffraction 
measurements tests were taken using Rigaku Miniflex 600, with Cu Kα1(40kV,15mA, 
λ=1.5406 Å). As the framework structure stay almost the same in Cu zeolite Y and Nd 
zeolite Y samples, the XRPD results of dehydrated samples show very similar features 
as the  standard Na zeolite Y.(Fig. 4.5), but with obvious changes of peak intensities of 
2θ between 6 and 16 degrees.  
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Fig. 4.5 The patterns of dehydrated Cu zeolite Y, Nd zeolite Y, Na zeolite Y and the 
standard Na zeolite Y. The patterns for Cu and Nd zeolite Y have been offset in the y-
axis for comparison.  
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The XRPD pattern of Cu zeolite Y samples heated at different target temperatures are 
shown in Fig. 4.6, 4.7 and 4.8.  The patterns for 20, 40and 60 min heating have been 
offset in all three figures in the y-axis for comparison. 
 
Fig. 4.6 The XRPD pattern of Cu zeolite Y samples at 1048K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container 
0%	amorphous	
5%	amorphous	
9%	amorphous	
15%	amorphous	
*	
*	
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Fig. 4.7 The XRPD pattern of Cu zeolite Y samples at 1073K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container 
 
Fig. 4.8 The XRPD pattern of Cu zeolite Y samples at 1098K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container. 
15%	amorphous	
78%	amorphous	
100%	amorphous	
100%	amorphous	
70%	amorphous	
100%	amorphous	
100%	amorphous	
100%	amorphous	
*	
*	
*	
*	
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The sequences from 1048K to 1098K clearly show how amorphization become more 
rapid with high temperature. At 1048 K, there is a small change in the  patterns over 
60 min, by which time 15% amorphization has resulted. However, at 1073K 100% 
amorphization results after 60 minutes during which time the zeolite diffraction peaks 
have completely disappeared. The same can be seen at 1098K except that complete 
amorphization is achieved after approximately 30 minutes. In all cases amorphization 
is calculated from the integrated changing area of all peaks 4.5 deg. to 35 deg [3].  
 
The XRPD pattern of Nd zeolite Y samples heated at different target temperatures are 
shown in Fig. 4.9, 4.10 and 4.11. The patterns for 20, 40and 60 min heating have been 
offset in all three figures in the y-axis for comparison. 
 
Fig.4.9 The XRPD pattern of Nd zeolite Y samples at 1098K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container. 
0%	amorphous	
4%	amorphous	
7%	amorphous	
11%	amorphous	
*	
*	
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Fig.4.10 The XRPD pattern of Nd zeolite Y samples at 1123K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container. 
 
Fig.4.11 The XRPD pattern of Nd zeolite Y samples at 1148K kept for 0 min, 20 min, 
40min, and 60 min. * peaks derive from Al container. 
0%	amorphous	
10%	amorphous	
70%	amorphous	
95%	amorphous	
62%	amorphous	
100%	amorphous	
100%	amorphous	
100%	amorphous	
*	
*	
*	
*	
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Again the consequence of increasing target temperature causes increasing speed of 
amorphization. The result is similar to Cu zeolite Y except the temperature are higher,  
1098K to 1128K. So when Cu zeolite become 15% amorphous in 60 minutes at 
1048K, Nd zeolite at 1098K only 11% amorphization is achieved after 60 minutes, 
and at 1148k amorphization is completed in about 30 minutes. In addition, where 
diffuse scattering peak occurs at 10 degree for Nd zeolite Y at 1123K and a new peak 
appear at 22 degrees at 1148K. This 22 degree peak also occurs in Cu zeolite Y, but 
without the 10 deg peak seen in Nd zeolite Y. The two diffuse peaks can be associated 
with the First Sharp Diffraction Peak(FSDP) similar to the diffuse peaks in Na zeolite 
Y after collapse. 
 
Using the degree of amorphization and the heating time, the speed of the collapse can 
be seen from Fig. 4.12 for Cu zeolite Y and Fig. 4.13 for Nd zeolite Y. 
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Fig. 4.12 The degree of amorphization against time for Cu zeolite Y 
 
Fig. 4.13 The degree of amorphization against time for Nd zeolite Y 
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As shown in Fig. 4.12 and 4.13, the speed of collapse is higher with higher 
temperatures. It can also be seen that once the temperature is high enough the collapse 
happens very fast in the ion exchanged zeolite Y, however when the temperature is 
low the collapse is very slow. The speed changes more rapidly over a range of 50K 
compared to Na zeolite Y (Fig. 3.7). 
 
4.2.6. HR-XRPD 
High resolution X-ray diffraction was performed on I11 at Diamond Light 
source(DLS), using 15 keV,λ=0.825875(10) Å calibrated with a high quality Si 
standard as mentioned in Section 3.2.6. The initial pattern of Cu zeolite Y and partial 
amorphous Cu zeolite Y are shown in Fig. 4.14, and the Nd zeolite Y and partial 
amorphous Nd zeolite Y are shown in Fig. 4.15. All samples were dehydrated and 
sealed in capillaries as shown in Chapter 2. Significant differences in line intensity 
and the peak position can be seen in the 45% amorphized sample achieved by heating 
for 30 min (1123K for Nd zeolite Y and 1073 for Cu zeolite Y). 
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Fig. 4.14 The HR-XRPD pattern of Cu zeolite and partial amorphous Cu zeolite Y 
sample. 
 
Fig. 4.15 The HR-XRPD pattern of Nd zeolite and partial amorphous Nd zeolite Y 
sample. 
 
HR-XRPD data were analysed using TOPAS software as introduced in Chapter 2 [4]. 
The unit cells were found to be smaller than the Na zeolite Y structure presented in 
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Chapter 3. The unit cell parameters, coordinates and occupancies of Cu2+ and Nd3+ are 
shown in Table 4.5. Notably, while there were fewer charge-compensating cations 
present, around 50% of Cu2+ were located preferentially in the sodalite cages and 49% 
of Cu2+ in the super cages, but virtually no Cu2+ in D6R [5, 6]. When it comes to 
Nd3+, less Nd3+ cations stay in sodalite cage, and more located in the super cages.  At 
the same time, the remaining Na+ in Cu zeolite Y shift with ion exchange from 
sodalite cages to super cage to maintain charge balance. In Nd zeolite Y the 
occupation of Na+ is not appreciably altered with ion exchange. Taken together these 
occupations are understandable. This is commensurate with the size of the 
compensating ion, as Cu2+ is smaller than Nd3+. A Cu atom would replace 2 Na atoms, 
while a Nd atom would replace 3 Na atoms, and the exchanged cations distribute 
evenly in the super cages and sodalite cages. After 50% collapse it can be seen that the 
heat treatment causes the exchange ion to move from super cages to sodalite cages for 
both Cu and Nd. The unit cell size for Nd zeolite Y is smaller (24. 658Å), however, 
the unit cell size for Cu zeolite Y is larger (24.673Å) than the uncollapsed samples. 
The D6R is too constrictive for the Cu2+ and Nd 3+ to occupy. The simulated structure 
of Cu zeolite Y and Nd zeolite Y shown in Fig. 4.16 indicated that the Cu2+ and Nd3+ 
located in more central position in the cages than Na zeolite Y.   
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Sample Unit cell 
parameter, a (Å) 
Metal ion 
in D6R (%) 
Metal ion in 
sodalite cage(%) 
Metal ion in 
super cage(%) 
Na zeolite Y 24.715±0.001 5.2 43.0 51.8 
Cu zeolite Y 24.632±0.002 0.2 
Na:5 
50.0 
Na25.3 
49.8 
Na:69.7 
Amorphous 
Cu zeolite Y 
24.673±0.002 0.3 
Na:5 
69.1 
Na:38.2 
30.6 
Na:56.8 
Nd zeolite Y 24.674±0.002 0.2 
Na:6 
40 
Na: 35.0 
59.8 
Na:59.0 
Amorphous 
Nd zeolite Y 
24. 658±0.002 0.3 
Na:5 
65.3 
Na:37.1 
34.4 
Na:56.9 
Table 4.5 Cubic size and ion distribution in Cu zeolite Y and Nd zeolite Y. Occupancy 
errors are +/-0.2% 
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a 
 
b 
 
Fig. 4.16 (a) The structure of Cu zeolite Y(one unit cell), where blue balls are Cu 
atom ,green balls are Na, and the framework buildingballs are Al (small dark blue 
balls), Si (small dark blue balls) and O (small red balls). (b) The structure of Nd 
zeolite Y, where orange balls are Nd atoms, green balls are Na and the framework 
5Å 
5Å 
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buildingballs are Al (small dark blue balls), Si (small dark blue balls)and O (small red 
balls). 
 
Finally , the Rietveld parameters of the refinement are shown in Table 4.6, where the 
calculated Rwp factors are greater for ion exchange zeolite Y than for Na zeolite Y , the 
experimental Rexp factors are similar, reflecting similar experimental conditions. The 
overall Rp factor is also greater for ion exchanged zeolite reflecting more complex 
structure. The Final structure model of the three samples shown in Table 4.7 
Rietveld 
parameters 
 CuNaY Amorphous 
CuNaY 
 NdNaY Amorphous 
NdNaY 
Scale factor 2.944e-7 3.258e-7 3.686e-7 1.269e-7 
Zero point  -0.0815 -0.007 -0.0703 -0.00179 
Background      
B0 407.143 374.058 550.299 370.148 
B1 -105.832 -124.000 -170.106 -183.962 
B2 -65.288 -50.434 19.020 46.056 
B3 -18.808 -35.124 -101.837 -92.146 
Overall isotropic      
Rwp 11.743 9.985 10.972 11.064 
Rexp 2.767 2.929 2.583 3.039 
Rp 8.258 7.033 7.626 8.056 
Table 4.6 Rietveld parameters of refinement, errors are within 1% of the original data. 
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As mentioned in Chapter 2.3.1, Rexp is very small in these refinements, because the 
data obtained from synchrotron source (DLS I11) has much greater number of 
observables (n) than laboratory X-ray analogue due to smaller 2θ step size and much 
higher observed intensities.  
 
Atom type x y z Occupation 
Cu zeolite Y 
Si Al 0.125 0.944 0.037 1 
O1 0.172 0.172 0.983 1 
O2 0.179 0.179 0.325 1 
O3 0.252 0.252 0.139 1 
O4 0.106 -0.106 0 1 
Na1 0.246 0.242 0.246 0.18 
Na2 0 0 0 0.11 
Na3 0.445 0.561 0.445 0.54 
Cu1 0.126 0.186 0.126 0.11 
Cu2 0 0 0 0.01 
Cu3 0.503 0.615 0.503 0.092 
Nd zeolite Y 
Si Al 0.121 0.952 0.032 1 
O1 0.168 0.168 0.972 1 
O2 0.179 0.179 0.316 1 
O3 0.245 0.245 0.157 1 
O4 0.1066 -0.1066 0 1 
Na1 0.058 0.058 0.058 0.43 
Na2 0 0 0 0.11 
Na3 0.414 0.545 0.414 0.25 
Nd1 0.071 0.121 0.071 0.17 
Nd2 0 0 0 0.012 
 
Nd3 0.0508 0.424 0.508 0.1 
Table 4.7 Final structure model of ion exchanged samples, errors are within 1% of the 
original data. 
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4.2.7. Raman Spectroscopy 
Raman spectroscopy was conducted on a range of sample with different degrees of 
amorphization with results shown in Fig. 4.17 for Cu zeolite Y and Fig. 4.18 for Nd 
zeolite Y. Both of the figures show the features of the stretching and bending modes of 
the T(Al, Si)-O in uncollapsed samples similar to what was found in LSX zeolite 
which have a Faujasite structure[7]. However there are many differences in detail. For 
Cu zeolite Y and Nd zeolite Y together with Na zeolite Y samples, the bands at 295 
cm-1 and 384 cm-1 are characteristic for the T-O-T bending associated with 6-
membered rings, while the 515 cm-1  band comes from the 4-fold rings. The higher 
frequency range of >700 cm-1 is dominated by bands associated with T (Si,Al)-O 
symmetric and asymmetric stretching vibrations. However, when the collapse happens, 
Cu zeolite Y shows quite different features compared to Na zeolite Y. The band 
around 515cm-1 reduces dramatically, then grows again. Peaks around 300cm-1 
become the most stable feature, which means that the 4-fold rings first diminish with 
the collapse and then grow, leaving the 6-fold rings remain relatively stable. In 
particular the features around 295-385 cm-1 broaden with 6-fold and 4-fold rings 
reducing in favor of 5-fold rings. When collapse occurs for Nd zeolite Y the changes 
are very similar to Na zeolite Y, reflecting the similarities in the ionic radii. This 
means that the rings are better defined in collapsed Cu zeolite Y samples than Nd 
zeolite Y sample and most of the rings are 6-fold ones. 
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Fig. 4.17 Raman spectra for Cu zeolite Y with different degrees of amorphization 
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Fig. 4.18 Raman spectroscopy for Nd zeolite Y with different degrees of 
amorphization  
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4.3. Results and discussion  
4.3.1. DSC 
To see the influence of exchange ion on collapse from DSC, the three DSC results are 
put together in Fig. 4.19. These show very huge changes in the collapse temperature 
for Na zeolite Y (Fig. 3.1), Cu zeolite Y (Fig. 4.1) and Nd zeolite Y (Fig. 4.2). The 
exothermic peak becomes sharper following the ion exchange, with collapse 
temperature range shrinking from 204K (Na zeolites Y) to 107K (Cu zeolite Y) and 
175K (Nd zeolite Y). The start temperature of collapse increases with the order Na-
Cu-Nd, from 946K to 1040K to 1085K. All these show that the ion exchange 
increases the collapse temperature at the same time reduces the temperature range 
over which collapse occurs. The collapse exotherms become less asymmetric in 
collapsing stucture to LDA for the ion exchange zeolite Y. The zeolite framework 
survives to higher temperature folloing ion exchange. Ion exchange is known to 
increase the stability of conventional zeolites [8]. The higher temperature of the 
collapse for Cu zeolite makes it suitable for applications such as Cu exchange ZSM-5 
in the dewax reaction [7].  
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Fig. 4.19 A comparison of the temperature range of collapse for Na zeolite Y, Cu zeolite Y, 
and Nd zeolite Y. 
 
4.3.2. XRPD 
The speed of collapse inferred from DSC is more obvious than the reduction of the 
crystalline Debye-Scherer pattern over time. XRPD shows that the temperature of 
collapse increases when the ion exchange has taken place. The speed of collapse also 
becomes much faster than for Na zeolite Y which means that it is more difficult to 
reach the collapse temperature for ion exchanged zeolite Y. However when it is 
reached the collapse is more rapid than for Na zeolite Y. Fig. 3.7, 4.12 and 4.13 show 
clearly that the dynamics of the collapse become more rapid for ion-exchanged zeolite 
Y, Nd zeolite Y as the most thermally resistant form of zeolite Y. 
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4.3.3. HR-XRPD 
The unit cells are different in the ion exchanged zeolites as found by HR-XRPD 
shown in Table 4.5 which includes data from Table 3.4 in Chapter 3. Ion exchange 
reduces the size of the unit cell considerably, which reflect the higher field strength of 
the exchanged ions. The field strength can be calculated as Z/r2 here [9], in which Z is 
the valence of the ion and r is the radius of the ion (Table 4.8). In particular, Cu2+ has 
the highest field strength and shrinks the unit cell the most, Nd3+ with medium field 
strength compared to Na+ cause an intermediate reaction. When collapse happened, 
the unit cell size of Cu zeolite Y become larger opposite to the changes of Na and Nd 
zeolite Y. This could be due to the movement of the Cu2+ from supercages to sodalite 
cages during heat treatment, making the supercage even larger than uncollapsed Cu 
zeolite Y.  
 
Sample Na+ Cu2+  Nd3+ 
Field strength(1/2) 1 3.7 2.5 
Table 4.8 The field strength of the different charge compensating ion 
 
It is interesting that the unit cell sizes of the ion exchanged zeolite Y is opposite that 
of the starting collapse temperature. Even though the Cu zeolite Y has a smaller unit 
cell, it has a lower collapse temperature compared to Nd zeolite Y. This may be the 
influence of the field strength and the ion occupation in the zeolite Y subunits. 
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Considering Table 4.5, where occupancies in D6R, sodalite cage and super cage are 
listed, Nd3+ is distributed relatively similar to Na+. However Cu2+ is more located in 
the sodalite cage than the super cage. This suggests that the supercage is more 
vulnerable to collapse than the sodalite cages and D6R. At the same time Nd3+ 
occupies the super cage similar to Na+, which may explain higher collapse 
temperature when the heavy Nd3+ ion is imported. However, the precise nature of 
relationship needs more study using greater variety of ion exchange compositions. 
 
4.3.4. Raman spectroscopy 
From the Raman spectra it can be seen that the exchanged ion has little influence on 
the uncollapsed zeolite Y samples. However when the collapse happens, the 
exchanged ion will influence the Raman considerably such as the ring distribution and 
the stretching modes. Notably for Cu zeolite Y, the 6- and 4- fold rings that make up 
the sodalite cage are retained in the LDA phase. However 6-fold rings dominate 4-
fold rings compared to the crystalline phase. For Nd zeolite Y, ring modes become 
hugely broadened, although 6-fold, 5-fold and 4-fold features can be discerned. 
Combining with the simulated structural changes for Cu and Nd zeolite Y during heat 
treatment in HR-XRPD section, it suggests that a different route to collapse in its final 
stage.  
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5. Conclusions and future work 
This research has studied the structure of Na zeolite Y and its collapse, which 
involves structural, thermal and dynamic changes. Furthermore, ion exchanged 
zeolites including Cu and Nd zeolite with resident Na are also studied. This includes 
the structural changes caused by the exchange ions, and the changes during the 
collapse due to these ions. The reasons for this change are explained. Although 
quantity of studies have been done, there are still more to be developed such as in situ 
work, inelastic neutron scattering work, and work on more samples with different 
compositions facilitated by ion exchange conditions which may have commercial 
value.  
 
5.1. Conclusions 
5.1.1. Na zeolite Y 
1) The Na zeolite Y material studied has a typical zeolite Y Faujasite structure, 
whose composition is Na58Al58Si134O384·212H2O. The unit cell size was 24.715Å, 
which is smaller than the reference structure (Na59Al59Si133O384, ICSD structural 
database code 159246) (24.791 Å). The ion distribution of the Na was slightly 
different from the reference structure where the sodalite cages of the studied 
samples hold more Na (43.0%) than the reference sample (35%), however, the 
D6Rs hold less (5.2% compared to 11.5%), with the super cages similar (about 
50%). This changes with Al/Si (58/134) compared to the reference sample (59/133) 
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and have not been reported before.  
 
2) DSC results have shown that the collapse happens over a wide temperature range 
(946K to 1150K). Over this temperature range the speed of collapse changes 
rapidly from slow to fast. The trend can be seen in Fig. 3.7, Na zeolite Y transfers 
first from a crystal to LDA at this stage. This is followed by a transition from 
LDA to HDA. The transformations can be seen in the DSC result (Fig. 3.1). This 
marks an improvement on earlier work , in which two stage(crystal to LDA 
LDA to HDA) process being ambiguous. 
 
3) XRD has shown how the structure changes during the heat treatment. A range of 
samples with different degrees of amorphization shows this clearly (Fig. 3.4-3.6). 
When studied by the high resolution XRD, however the changes in each material 
are more visible showing that the unit cell size shrinks to 24.689Å compared to 
the starting Na zeolite Y(24.715 Å). In particular the compensating ion moves to 
smaller cages, with the occupancy in sodalite cage  (56.1%) being much less in the 
largest super cage (37.9%). The movement of Na ions during collapse has not 
been observed to date and indicates that the energy landscape changes with 
amorphization. 
 
4) The analysis of the HR-XRPD was done using TOPAS (section 3.3.4, 4.2.6). The 
high quality data were used successfully to refines the zeolite structure. The 
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refinement results showed that these structures obtained are reliable. The errors 
have been reduced to minimum values, generally acceptable for analysis of 
complex crystalline structures.  
 
5) The Raman spectroscopy has shown the dynamic properties of Na zeolite Y, 
revealing the stretching and bending modes of the T (Al, Si)-O. The four fold and 
six fold rings as the basic building units are clearly shown in the result and also 
the unique peaks showing the stretching vibration. When the collapse happens, the 
four fold rings remain stable while the six fold rings feature first diminished and 
then grew, new five fold ring feature grew too. The stretching mode becomes 
quite complex. These results are qualitatively similar to a recent study of LSX 
zeolites (Na3KAl4Si4O16) and confirm the attribution of Raman modes in caged 
zeolites during collapse. 
 
6) The inelastic neutron scattering showed the disappearance of the cages with the 
peaks decreasing and broadening (section 3.2.8). Combined with the Raman result, 
it showed that smaller cages defined by smaller rings are relatively stable during 
the collapse as observed earlier.  
 
5.1.2. Ion exchanged zeolite Y 
1) After detection by ICP-MS and dehydration, the composition of the two kinds of 
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ion exchanged zeolite Y studied here were determined to be 
Cu14Na30Al58Si134O384·213H2O and Nd10Na28Al58Si134O384·205H2O. These 
compositions also reflect the residual Na present. This is important because all 
the three cations influence the amorphization. 
 
2) The crystalline structural changes in these ion exchange zeolites have been 
revealed by HR-XRPD. Notably the exchange ions (Cu, Nd) cause the cages to 
be smaller in size due to their higher field strength compared to Na as discussed 
in Section 4.3.3. The exchange ion definitely changes the occupation of the 
charge compensating ions. As the exchange results in a smaller number of 
cations compensating, so they are moved to more central positions, while the Na 
moves to complete the balance of the charge. In the literature, these effects have 
not been reported so far for Faujasite structure.  
 
3) The about 50% amorphous zeolite Y are also detected by the HR-XRPD, 
showing that the movement of different cation influence the structural change 
during amorphization. The unit cell size of amorphous Cu zeolite Y become 
larger than crystalline Cu zeolite Y, but still smaller than the crystalline Na 
zeolite Y (Section 4.2.6, Table 4.5). This is due to its high field strength and 
movement of the cations from supercage to sodalite cage. The change of the 
amorphous Nd zeolite Y is similar to Na zeolite Y. This has not been reported 
before. 
		
129	
 
4) DSC showed a similar result to Na zeolite Y, however the exchange ion causes 
the collapse temperature to be higher than the Na zeolite Y, e.g. Cu 90K higher 
and Nd about 130K higher than Na zeolite Y. What is more, the changes 
between crystal and LDA occur faster with temperature, which results in sharper 
peaks during collapse. (Fig 4.1 and 4.2) This confirms how the zeolite structures 
are more stabilized at higher temperatures with ion exchange transition metal 
and rare earth cations. At the same time the collapse, when it happens, is more 
abrupt (full collapse for Na zeolite Y costs 22min, Cu zeolite Y costs 11min, and 
Nd zeolite Y costs 16 min). 
 
5) The XRD results, showing the degree of amorphization have revealed how the 
structure changes for Cu and Nd ion exchanged zeolite Y. Getting from this 
result, the speed of collapse (Fig. 4.12 and 4.13) can be followed with different 
target temperatures, showing that the higher the temperature the faster the 
collapse, which is similar to Na zeolite Y. However the speed changes during the 
chosen 50K range are much more obvious for ion exchanged zeolite Y than the 
Na zeolite Y (Fig. 3.7). Ramifying the DSC results, these ex situ experiments 
show more clearly the retention of stability to higher temperature and the 
increased dynamics of collapse that follow.  
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6) The HR-XRPD results for the ion exchanged zeolite Y analyzed by TOPAS 
were analogous to Na zeolite Y, but with different occupancies of subunits. The 
R-factor of the ion exchanged zeolite Y is relatively higher than that of Na 
zeolite Y, but since the chemical composition is acceptable and the structure 
obtained is reasonable (according to Section 2.3.1), there is confidence in the 
quality of the zeolite structures obtained and the interpretation of the 
amorphization process in the ion exchanged zeolites. The R-factors from the 
Rietveld refinement are helpful indicators, but they are not solely used to 
confirm the structure model. The importance of the results from HR-XRPD is 
that the zeolite structures obtained including high precision atomic coordinates 
and ion occupancies as discussed in Section 3.2.6 and 4.2.6. The structural 
parameters enabled the interpretation of the amorphization process due to ion 
exchanged in the zeolites. 
 
7) The Raman spectra of the Cu zeolite Y showed quite different features to Na 
zeolite Y, with the reductions of the 4 fold and 6 fold peak features during 
collapse being slight and then growing, with new features like 5 fold rings 
appearing. In the collapsed features, 6 fold rings dominate 4 fold and 5 fold rings. 
However the Nd zeolite Y showed the similar features to Na zeolite Y. This is 
attributed to the ion size, the compensating charge and the occupation. The 
findings for ion exchanged zeolite Y are new and reveal differences in ring 
topology  between the different cation mixes.   
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5.2. Future work 
5.2.1. Na zeolite Y 
To study the dynamic properties we used techniques like Raman and inelastic neutron 
scattering, however there were some problems doing this work. Considerable 
improvement could be made with in situ Raman experiments. Currently in situ 
changes of the Raman peaks cannot be easily identified which is believed to be due to 
focusing problem with the remote sensing head in conjunction with a programmable 
furnace. But it is believed that using the portable Raman as well as a shorter furnace 
distance this hopefully can be achieved.  
  
The experience at ISIS MARI showed non-reproducibility for the same sample which 
suggests instrumental problems. Given reproducibility can be solved, the inelastic 
neutron scattering would benefit more research. For example, we can test the 
properties of the 50% amorphous samples to see the change partway during the 
collapse. 
 
5.2.2. Ion exchanged zeolite Y 
As only two samples of ion exchanged zeolite Y were tested here, to study the 
connection between amorphization of the ion exchanged zeolite Y and the size of the 
exchange ion, more samples could be considered, for example Mg, Ca, Sr, and so on. 
		
132	
What is more, a range of samples with different levels of exchange could also be 
interesting.  
 
It will be worthwhile to complete the in situ Raman on exchanged zeolite Y to see the 
peak changes defined in ex situ Raman during collapse. This would lead to a better 
explanation of the amorphization mechanism.   
 
Inelastic neutron scattering measurements for the ion exchange zeolite Y would be 
interesting to see the influence of the exchange ion on the low frequency properties in 
zeolite Y, when the reproducibility problems are solved. 
 
The ion exchange zeolite Y could be very useful in the industry. It is hoped that this 
work may lead to some product with future cooperation. 
 
 
 
	
